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Foreword 


This book is intended for the general engineer and for engineering 
students who reciuire a knowledge of electrical engineering theory and 
the applications of that theory in commercial practice. 

The first twelve chapters review the basic thecfry. A fundamental 
knowledge of physics is assumed. IClementary calculus is used where 
it helps in the presentation. But in most instances an alternate 
explanation based on simpler mathematics is also given so that sections 
including calculus may be omitted if desired. Illustrative examples 
are given to describe quantitative relationships and the prediction of 
ma(dii?ic performance, since these factors are a part of essential theory. 
In the numerical examj^les, complicating secondary effects are usually 
not introduced; in a book of this kind, approximate relationships are 
sufficient generally but, where nec^essary, important secondary effects 
are incduded. 

The latter part of the book discusses typical applications of the 
essential theor3^ These applications can be used to teach additional 
theoretical material; they also hel}) the reader to retain his grasp of 
theory. Motor appli(*ations are treated from the point of view of load 
and power supply. The study of am^jli Tiers as applied to strain gages 
and of oscillators as applied to high-freciuency heating units is an 
innovation. While these subjects are not usually included in the 
elementary book, they are very important to (dvil, mechaiiic^al, and 
ele(^tri(;al engineers. 

The author a(*knowledges his indebtedness to many friends and 
associates who have contributed to the development of the book. He 
appreciates the courtesy of the many c.ompanies and their representa- 
tives in supplying some of the illustrations. Dr. W. L. Everitt of the 
University of Illinois made heli?[ul suggestions for the manuscript. 


Fred H. Pumphrey 
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introduction 

Electricity is one of the basic physical forces utilized by all types 
of engineers. It provides a source of heat, light, and mechanical 
power. Its extreme flexibility permits it to be used for measurement 
and control. By it intelligence is transmitted, so that construction 
operations may be coordinated on long bridges and huge dams. The 
chemical engineer finds that many of the instruments used to supervise 
and control his chemical processes are electrical. The metallurgical 
engineer uses electric furnaces to purify and heat-treat his metals and 
electric motors to drive the mills that fashion them. The petroleum 
engineer uses highly sensitive electrical instruments to locate oil fields. 
The architectural engineer must equip his building with a system of 
electric wires that provide illumination, electric power, and various 
types of communication. The mining engineer uses electric motors to 
pump water out of his mine and to hoist the ore to the surface. The 
ceramic engineer uses electricity to control the heat in his kilns and in 
some cases to supply the heat as well. The civil engineer uses electric- 
ity to measure the stresses in bridges when high-speed locomotives 
pass over them, and the aeronautical engineer uses the same electrical 
instruments to measure the stresses in the critical structural members 
of airplanes under severe test conditions. 

These various applications are briefly reviewed and discussed in 
the latter portion of this book. Some of them require an under- 
standing of only the elementary physics of electricity, but others 
require a considerably broader knowledge of electrical circuits, machin- 
ery, and vacuum tubes. It is impossible, therefore, to discuss most 
of these fields of application without a reasonably complete background 
of the essential theory underlying the art of electrical engineering. 

In order to make a coherent presentation of both the theory 
and the practice, each has been treated in a separate section of this 
book. Thus, in the chapters on theory frequent references are made 
to applications, a more complete treatment of which will be found in 
the second portion of the book. 

Although the order of presentation is not absolutely rigid, it is 
generally unwise for the beginning reader to attempt to study the 
later chapters of the theory without first mastering the earlier ones. 
Also, for the beginning reader it is recommended that a careful reading 
of the theory precede any serious attempt to read the chapters covering 
industrial applications. Even the beginner, however, is encouraged 
to read casually those portions of the latter part of the book that are of 
particular interest to him so that he may observe his progress in 
understanding as the theoretical material is covered. 

xi 




CHAPTER 1 


Direct-Current Circuits 

Nature of matter and electricity 

All matter is considered to be composed of atoms, each of 
which is made up of a positively charged nucleus of relatively 
large mass surrounded by negatively charged electrons having 
orbital motions quite similar to the movement of the planets 
about the sun. In some atoms there is a vacancy in the pattern 
of the outer orbital electrons, whereas in others there are one or 
two electrons beyond the normal stable group. When mole- 
cules of these different types become closely associated, there is 
a tendency for the extra electrons of one to fill in the vacancies 
of the other, and thus the nuclei share these electrons and form 
molecules of stable compounds. Not only do atoms form mole- 
cules with other atoms, but atoms may combine with atoms of 
the same kind to share electrons; in doing this they tend to form 
into a geometric pattern known as crystals. (Molecules also 
may form into crystals.) Such crystals may and usually do 
involve tremendous numbers of atoms or molecules; and, since 
the bond is tight, they are always associated with solid sub- 
stances. In general, metals have only one or two electrons in 
their outer orbital group; therefore, when these form into crys- 
tals, the bond between the outer electrons and the parent nucleus 
becomes so loose that it is quite easy for them to migrate from 
one nucleus to another and thus to progress along the metal. 
When metals of this type are formed into wire, they may be used 
as electrical conductors. 

Many solids (and liquids as well) have such a tight bond on 
the electrons that it is difficult for them to migrate ; these mate- 
rials are called insulators. Solids have a wide variation in con- 
ducting ability; but the engineer, in applying electricity to pro- 
duction problems, is particularly interested in those substances 
that are good conductors and good insulators. When such sub- 
stances are used, it is possible to control the movement of elec- 
trons in order that the desired results may be accomplished. 

1 
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Electrons are caused to migrate along a conductor by reason 
of an electric field, sometimes called an electric pressure gradient 
or difference of potential. The magnitude of the migration, or 
the flow of electrons, is dependent upon this difference of poten- 
tial and upon the cross-sectional area of the conductors. The 
flow is measured in special units, as are also the pressure and 
opposition to flow. These units must be defined before a real 
study of direct-current circuits is possible. 

The ampere. The unit of electric flow is called the ampere. 
Many physics texts very properly define the flow of electric cur- 
rent in terms of its magnetic effect, in order that satisfactory 
relations between electric and magnetic units be obtained. 
Since the magnetic effects are difficult to measure with high 
accuracy, the equivalent statement in terms of electrochemical 
effect is the practical basis of electrical current standards. Thus 
the ampere is specified as the constant current that will deposit silver 
from an electrolyte at the rate of 0.001118 gram/ sec. 

Electric currents taken by common electrical appliances are 
approximately as follows: 


100-w lamp 
600-w toaster 
J-hp motor 


0 9 amp 
5. amp 
3 7 amp 


The coulomb. The unit of electric quantity (or charge) is 
called the coulomb. It is the charge that will pass a given point 
in the circuit each second when a current of 1 amp is flowing. As 
indicated above, electric flow consists of the movement of elec- 
trons and ions. It would require the movement of approxi- 
mately 6,300,000,000,000,000,000 (6.3 X 10^®) electrons per sec- 
ond to produce 1 amp. This is a large unit of charge and is 
seldom used in elementary calculations. 

Some idea of the size of the coulomb may be gained from the 
fact that two charges of 6.8 millionths of a coulomb, when placed 
1 ft apart, will have a repelling force of 1 lb acting between them. 

The ohm. The unit of resistance to electric flow is called the 
ohm. It may be defined as the resistance that mil develop 1 joule 
of heat per second when 1 amp flows through it. Since this is again 
difficult to measure or standardize, it is also specified as the 
resistance that, at a temperature of 0° C, is offered to the flow 
of current by a column of mercury of uniform cross-section, of a 
length of 106.3 cm., and of a mass of 14.45 grams. The magni- 
tude of the cross-section so specified is approximately 1 mm^. 
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The volt. The unit of electrical pressure, or potential dif- 
ference, is the volt. The volt is the potential difference that will 
cause a current of 1 amp to flow through a resistance of 1 ohm. A 
dry cell has a potential difference of about 1.5 v, a three-cell lead 
storage battery has a potential of 6.6 v, and the usual domestic 
electrical circuit has a potential difference of 120 v. 



R 



Voltmeter 


I 


Ammeter 


(b) 


Pressure 

(Ib/in.*) 

Flow 

(gal/min) 

Pressure 

Electric 

pressure 

(volts) 

Electric 

flow 

(amperes) 

Volts 

Flow 

Amperes 

20 

1.6 

12.5 

8.0 

0 92 

8 7 

35 

2 8 

12 5 

12.0 

1.38 

8 7 

75 

6 0 

12 5 

16.8 

1 93 

8 7 

100 

8.0 

12 5 

22 4 

2 57 

8 7 

150 

12 0 

12 5 

47 0 

5 40 

8 7 


Fig. 1-1. Analogy between Hydraulic and Electric Circuits. 


Ohm's law 

In order to obtain a better understanding of electrical cir- 
cuits, reference will be made to the old, but still useful, fluid 
analogy. In Fig. 1-1 a motor-driven pump is shown. This 
pump is used to circulate oil* through a cooling coil of small 
copper tubing. A gage is connected to the ends of the copper 
tubing to measure the difference in pressure across the coil, and 
a flow meter is inserted in the pipe to measure the rate at which 
the oil flows through the tubing. 

If the speed of the pump is changed and if readings of the 
pressure gage and flow meter are taken at each pump speed, a 


* Oil is used instead of water because it is a liquid of high viscosity and obeys 
Ohm's law of hydraulic circuits. 
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set of data will be obtained, as shown in the table of Fig. 1-1. 
At each pump speed the pressure divided by the flow gives the 
same result. In this case that value is 12.5. The flow at any 
pressure can, therefore, be found by dividing the pressure by 
12.5. If the flow is desired at some pressure other than those 
tested, it might also be obtained by dividing the pressure by 12.5. 

Example. What is the flow at 50-psi pressure? According to the 
relation stated above, 


flow 


pressure 

12.5 


50 

12.5 


= 4 gallons per minute 


pressure being in pounds per square inch. The constant 12.5* is 
characteristic of this particular size and length of tubing and so can 
be called the resistance of the coil of tubing. 


To the right of this simple hydraulic circuit is shown a simi- 
lar electric circuit. A battery supplies the electric pressure, or 
potential difference, that causes an electric current to flow 
through a coil of copper wire indicated diagrammatically as R. 
The meter used to measure the electric potential in volts is called 
a voltmeter. The meter used to measure the current in amperes 
is called an ammeter. If taps are arranged on the battery so that 
different voltages may be applied to the coil of wire, then a set 
of readings of volts and corresponding amperes can be made. 
These readings would be comparable to the pressure and flow 
readings of the hydraulic circuit. In the electric circuit the 
voltmeter reading divided by the ammeter reading is always 
8.7, and this constant is called the resistance. It is seen by this 
analogy that in the electric circuit with a fixed resistance it is 
also possible to predict the current flow with any given voltage. 
For instance, if the current corresponding to 65 v were desired, 
then 


I = 


E 

8.7 


8.7 


7.5 amp 


E being in volts. This value of 8.7 is a characteristic of the 
wire and is called the resistance. It is measured in the unit 
that has previously been defined as the ohm. The formal state- 
ment of the relationship observed above is as follows; 

The current in amperes is equal to the potential difference in 
voUs divided by the resistance in ohms. 


* This constant depends also upon the viscosity of the fluid. In electricity, the 
variable corresponding to viscosity does not occur. 



DIRECT-CURRENT CIRCUITS 


5 


Chap. 1] 

This statement is known as Ohm^s law and is the basis for a 
large portion of electrical circuit theory. It may be expressed 
mathematically in the three forms below: 

E E 

/ E RI 

where I is current in amperes, E is potential difference in volts, 
and R is resistance in ohms. 

A word of caution should be given at this time, for although 
this is the general rule of behavior of electrical circuits, there are 
many exceptions. Many of these cases of unusual behavior pro- 
vide the basis of operation of important commercial equipment. 

Exercise 1-1. An electric soldering iron takes 3.8 amp from a 
125-v circuit. What is the resistance? 

Exercise 1-2. An electric oven has a resistance of 14 ohms. How 
much current will it draw when connected to a 220-v circuit? 

Electric power 

The passage of current through a conductor having resist- 
ance is always associated with a generation of heat. The rela- 
tion between the current, voltage, and resistance of the circuit 
and the conversion of electric energy into heat are important 
elements in the study of electric circuits. 

Referring again to the hydraulic circuit of Fig. 1-1, it is 
known that, for constant flow, the rate at which energy is put 
into the circuit by the pump will be doubled if the pressure is 
doubled. It will also be doubled if the pressure remains con- 
stant and the flow is doubled. A similar variation in power 
exists in the case of the electric circuit. The power, or rate of 
converting energy into heat in a resistance, may be said to be 
directly proportional to the product of the current and the volt- 
' age. Expressed mathematically, this is 

P = E XI 

P being expressed in watts, E in volts, and I in amperes. This 
statement may then be used as a definition of a watt. The watt 
is the rate at which electric energy is being supplied when a current 
of 1 amp is flowing at a potential difference of 1 v. 

Several additional equations for power may be derived from 
the above statement by the use of Ohm’s law. These equations 
are very useful when the information supplied is not given in 
volts and amperes. They are: 
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P = E X I = IR X I = PR (since E = IR) 

E / E 

P^EXI = EX-^^^ (since / = ^ 

Since power is the rate at which energy is being transferred, 
the total energy is the product of the power and the time. Thus, 
a small unit of energy is the watt-second, or joule. The more 
common unit, however, is a much larger one known as the kilo- 
watt-hour. This unit specifies an energy equivalent to 1000 w, 
or 1 kw, continued over a period of one hour. It is this unit 
that is the basis of most of the bills for electric energy issued by 
the power companies. 

Example. An electric toaster requires 4.5 amp at 115 v. (a) 
What is the power requirement for this toaster in watts? (b) If 
electric energy costs 3.5 cents per kwh, and the toaster is used 16 hours 
during the month, what will be the monthly cost? 

Solution: 

Power = £7 = 4.5 X 115 = 517.5 w 

517.5 

Energy = kw X hours = X 16 

= 8.26 kwh 

Cost per month = 8.26 X 3.5 = 29fi. 

Exercise 1-3. A salt bath for heat-treating steel is estimated to 
require 6 kw. What current will be required if the voltage is 220? 
If electric energy costs per kwh, what will it cost to operate per 
10-hour day? 

Exercise 1-4. A 20-gal domestic water heater has a 1000-watt 
heater unit. The voltage is 120. (a) What current is drawn? (b) 

How long will it take to raise the temperature 40® F? 

Fuses. One of the important ways in which the heating 
effect of the electric current is used is the insertion into the cir- 
cuit of a resistance unit with small current-carrying capacity, 
so that when the current goes beyond a certain predetermined 
amount, the resistor is burned up and opens the circuit. This 
resistance unit is called a fuse and is used to protect other and 
more expensive equipment from harmful effects when the cur- 
rent becomes too large. Fuses are of many different types 
and range in size from a few milliamperes* up to hundreds of 
amperes. Since they are placed in a circuit to protect the 


* A milliampere is one thousandth of an ampere. 
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equipment, they should not be replaced by larger fuses or by 
heavy conductors, because they were specifically designed for 
the purpose of opening the circuit under overload conditions. 
Oversize fuses or solid jumpers defeat the purpose of the fuses 
and permit operation at overload with consequent damage to 
equipment. 

Ratios of resistors 

Resistors play such an important part in the correct func- 
tioning of electrical equipment that it is important to know 
something of their limitations. Since they tend to heat up with 
current flow, they will normally operate above the temperature 
of their surroundings. Each resistor will, in fact, have a maxi- 



Fig. l-2a. Resistor Types Used in Electronic Controls. 
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mum temperature to which it may be raised without damage. 
It will reach this temperature when a specified current flows or 
when a specified power is developed within it. As a result, 
resistors have maximum allowable wattage or current ratings. 
If these are exceeded, the resistances will probably be damaged 
and will no longer operate satisfactorily. 

Figure 1-2 illustrates the wide variation ih size and the cor- 
responding variation in the important characteristics of resis- 
tors: (1) resistance and (2) current-carrying or watts-dissipating 
capacity. The top resistor of Fig. l-2a might have a resistance 
of 1,000,000 ohms, but its current-carrying capacity would prob- 
ably be limited to xTnnr amp. That is, it would be rated as a 
1-w resistor. In contrast, the resistor in Fig. l-2b has a resist- 
ance of only 2 ohms, but its current-carrying capacity is 2000 
amp. Thus it would V)e rated as an 8,000,000-w, or 8000-kw, 
resistor. 



Fig. l-2b. Indoor Cast-Iron-Grid Neutral Grounding Resistor, Rated 2000 amp, 
4000 V, for 1 min (approximately 52 in. high). 
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Exercise 1-6. Inspect in the laboratory resistances of widely 
varying value with ratings from 1 w to 5 kw. 

Exercise 1-6. A 5-kw resistor has a resistance of 12.5 ohms. 
What is the maximum current it will carry? 

Series circuits 


Electrical conductors may be connected following one 
another so that any current flowing through one must flow 
through the other. This is shown in Fig. 1-3. When circuits are 
connected in this manner, the resist- 
ances are said to be connected in ^2 

series. The combined, or equivalent, 
resistance of 72 1 and R 2 connected as in 
Fig. 1-3 is 

T^totai “ 72 1 "4" R 2 


-AAAAr- 






Fig. 1-3. Series Resistances. 

The electrical pressure across 72 1 , 

when added to the electrical pressure across R 2 , will equal the 
total pressure. 

According to Ohm’s law, the pressure or voltage across Ri is 
RJ and the voltage across R .2 is iij/. Since the current is the 
same in both resistances, the voltage across the individual resist- 
ances will be proportional to their resistances. Also, the pro- 
portion of the total voltage across Ri will be Ri/{Ri 4- 
This relationship is used many times in electrical instruments. 
Such a combination of resistances to give a reduced voltage is 
known as a potentiometer or voltage divider. 


Example. A resistor of 20,000 ohms is connected in series with a 
resistor of 5000 ohms across a l20-v d-c circuit, (a) What current 
will flow? (b) If the voltage across the 5000-ohm resistor is used to 
control a gas triode, what would this voltage be? 

Solution: The equivalent resistance of the two resistors in series 


Rt = 20,000 + 5000 = 25,000 ohms. 


The current will be, by Ohm’s law, 
E 120 
^ ~ R~ 25,000 


0.0048 amp. 


The voltage across the 5000-ohm resistor is 


V 


fOOO-ohia resistor 


V'toul X 


R2 


R\ 4“ R 2 


5000 

120 = 24 V 

^ 25,000 


(A ns.) 
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Exercise 1-7. The soldering iron of Exercise 1-1 is too hot. A 
resistor of 5 ohms is connected in series with the soldering iron, (a) 
What current is taken from the line? (b) What percentage of the 
original power is now dissipated in the iron? 

Exercise 1-8. It is desired to reduce the oven heat in the oven of 
Exercise 1-2 by 10 per cent, (a) What additional resistance must be 
inserted? (b) What current will it carry? 

Parallel circuits 

Resistors in electric circuits may be connected in parallel as 
shown in Fig. 1-4. When resistors are connected in this man- 



Fig. 1-4, Parallel Resistances. 


ner, it is seen that the voltage is impressed across each resistor 
just as if the other resistor were not there. The current in each 
resistor is determined by Ohm’s law : 


h = 


E 

Ri 



h 


R. 

Ri 


The total current in the circuit is the sum of the currents in the 
individual resistors, so that 


/tot.) = 1 1 It It 
_ R , R R 

Ri R2 Rz 



The quantity l/R is a constant called the conductance and is 
indicated by the symbol G. It is that characteristic of a resis- 
tor which, when multiplied by the voltage, gives the current. 
The unit of conductance is called the mho. This can be recog- 
nized as ohm spelled backward, and the name was chosen to be 
a reminder that the mho is the reciprocal of the ohm. 

Example. Determine the equivalent resistance of the following 
four resistors connected in parallel. 
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Ri = 20 ohms 
Rs = 12 ohms 

Solution: 

Gi == A = 0.050 mho 
- tV = 0.084 mho 
Total conductance is 


R2 = 25 ohms 
R4 = 8 ohms. 

G 2 - ih = 0.040 mho 
^4 = ¥ = 0.125 mho. 


Gtotai = Gi + G 2 "t" G 3 + (j4 = 0.299 mho. 

Equivalent resistance is 

K.q = = 3.34 ohms (Arts,) 

Exercise 1-9. Two resistors, one of 10 ohms and one of 12 ohms 
are connected in parallel across a 1 20-v line. What is the total current 
and the equivalent resistance? 

Exercise 1-10. Three resistors having resistances of 30, 15, and 
10 ohms are connected in parallel across a 230-v circuit, (a) What 
current is taken from the line? (b) What portion of this current will 
flow through the resistor having a resistance of 15 ohms?' 

Exercise 1-11. A 125-v generator supplies a current of 24 amps 
to two parallel resistors. If one of the resistors takes 10 amps, what 
is the resistance of each element? 

Exercise 1-12. Four resistors are connected in parallel. Their 
resistances are 6, 8, 16, and 20 ohms. What total current flows when 
24 V is applied? What proportion of this current flows in the 16 ohm 
resistor? 

Series-parallel circuits 

Many times it is desirable to use combinations of series and 
parallel arrangements of resistances in electrical equipment. 


R2= 10 OHMS 



Fig. 1-5. Resistances in Series and Parallel. 


The procedure used to solve circuits of this type is to combine 
the parallel resistance into an equivalent resistance and then to 
add this equivalent resistance to the other series resistances to 
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determine the equivalent series resistance. The total current 
produced by the impressed voltage may then be calculated. 
This total current will divide in a parallel circuit in proportion 
to the conductances, and thus the current in any one of the 
resistances may be found. 

Example. In the circuit shown in Fig. 1-5, determine the current 
in the 7-ohm resistor. 

Solution: 

(^2 = A = 0.100 mho, 

G 3 = T = 0.143 mho, 

G 4 = = 0.083 mho. 

Equivalent conductance is 

r/eq = 0.100 + 0.143 + 0.083 = 0.320 mho. 

Equivalent parallel resistance is ^ 

/t^oq = = 3.07 ohms. 

Equivalent total resistance is 

Rt = 3.07 + 3 = 0.07 ohms. 

Total current is 

r 45 

Current in 7-ohm resistance is 

G 0 1 43 

/ 7 -ohm = ^ /< = X 7.40 = 3.24 amp. 

An alternate method of obtaining the current in any branch 
of a parallel circuit is to determine the voltage across the parallel 
portion of the circuit from the equivalent IR drop and then 
divide this voltage by the resistance of that circuit element to 
obtain the current flowing in it. 

Example. In .the circuit shown in Fig. 1-0, determine the current 
in the 10-ohm resistor. 

15 OHMS 



Fig. 1-6. A Series-Parallel Circuit. 
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Solution: Equivalent resistance of the parallel circuit is 


10 X 16 150 

25 


10 + 15 


= 6 ohms. 


Total resistance of circuit is 

= 5 + 6 = n ohms. 

Total current is 


^ E 110 
Rt'^ 11 


10 amp. 


Volts across parallel resistors are 

Ej, = = 10 X 6 = 60. 

Current through 10-ohm resistance is 

10 -ohm in ^ amp. 

Xt 10-ohm 

Exercise 1-13. Determine the total current and the current in the 
5-ohm resistor of the circuit in Fig. 1-7. 

20 OHMS 



Exercise 1-14. Determine the total current and the current in 
the 25-ohm resistor of the circuit shown in Fig. 1-8. 



Fig. 1-8. Circuit for Exercise 1-14. 
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Resistance of electrical conductors 

The wires that are used to conduct electricity are usually 
copper and are available in standardized sizes. The wires used 
for the distribution of electricity in buildings and factories are 
insulated with thick coverings, usually in two or more layers, 
and the current-carrying capacity is specified by the National 
Electrical Code.* Wire used for the manufacture of electrical 
machinery and coils is called magnet wire and is provided with 
thin insulation only. Since usage of these two types of wire is 
quite different, information regarding them is shown in two 
separate tabulations. 

Table 1-1 shows the wire sizes more commonly used in indus- 
trial wiring, with current-carrying capacities for several types 
of insulation. Included in this tabulation also is the diameter 
of the copper portion of the wire in mils (thousandths of an in(!h) 
and the cross-sectional area in both circular mils and square 
inches. 

Table 1-2 shows the important properties of copper magnet 
wire. 

The circular mil referred to in these tables is a small unit of 
area so commonly used in electrical work as to justify some 



explanation. It is defined as the area of a circle that has a 
diameter of one mil (one thousandth of an inch). To obtain 
the cross-sectional area of any cylindrical wire in circular mils, 
it is therefore necessary only to square the diameter in mils. 

A logical development of the rules of series and parallel cir- 
cuits that have been previously studied is that the resistance of 
a conductor is directly proportional to its length and inversely 
proportional to its cross-sectional area. Stated mathematically. 


* A set of rules adopted by the National Board of Fire Underwriters. 



Table 1“1 

PROPERTIES OF INSULATED CONDUCTORS FOR POWER WIRING 
(From National Electrical Code, 1951) 
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Typical allowable current-carrying capacities per page 351 and 352 of the 1951 National Electrical Code. 
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Table 1-2 

PROPERTIES OF COPPER MAGNET WIRE 


Size of 
wire 
(AWG) 

Diameter 

(mils*) 

Ohms per 
1000 ft 
at 20** C 

Pounds 

per 

1000 ft 

Diameter 

Ct 

(mils) 

Diameter 

Et 

(mils) 

Diameter 

EC§ 

(mils) 

6 

162 0 

3951 

79.46 

170. 



8 

128 5 

.6282 

49.97 

134. 

131 

136 

10 

101.9 

.9989 

31.43 

107. 

104 

109 

12 

80.81 

1.588 

19.77 

85.8 

83.0 

88 0 

14 

64 08 

2 525 

12 43 

69 1 

66.1 

71 1 

16 

50.82 

4.016 

7.818 

55.8 

52.6 

57.6 

18 

40.30 

6 385 

4.917 

45 3 

42.0 

47 0 

20 

31 96 

10 15 

3 092 

37.0 

33.5 

38 0 

22 

25 35 

16 14 

1 542 

29.4 

26 8 

31 3 

24 

20.10 

25 67 

1 223 

24 1 

21 3 

25 8 

26 

15.94 

40 81 

.7692 1 

19 9 

17 0 

21 5 

28 

12.64 

64 90 

4837 

16.6 

13.6 

17 6 

30 

10 03 

103 2 

3042 

14.0 

10 8 

14 8 

32 

7.950 

164.1 

1913 

12 0 

8 75 

12 8 

34 

6 305 

260.9 

1203 

10 3 

7 01 

11 0 

36 

5 000 

414.8 

0757 

9.00 

5 60 

9 60 

38 

3 965 

659 6 

0476 

7.97 

4.47 

8 47 

40 

3 145 

1049 0 

0299 

7 15 

3 55 

7 55 


* 1 mil 0.001 in. 
t C means single cotton covered 
t E means enameled. 

§ EC means enameled with single cotton covering. 

this is 



where I is the length, a the cross-sectional area, and p* the 
resistance of a conductor having unit length and unit cross-sec- 
tional area. 

In the United States the length is usually specified in feet, 
and the cross-sectional area in circular mils. The resistance per 
unit length and for a unit area is then the resistance of a wire 1 
ft long having a cross-sectional area of 1 cir mil. Thus the 
resistivity of copper is 10.37 ohms for a circular mil-foot at 20° C. 


* P, the resistance of a conductor of unit length and unit cross-sectional area, is 

called ** resistivity.^^ 
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Example. Determine the resistance of a copper wire having a 
diameter of 40.3 mils and a length of 600 ft. i 

Solution: 

p = 10.37 
I = 600 

a = 40.32 = 1624 
I 600 

Hence, R = p - = 10.37 X = 3.84 ohms. 

^ a 1624 

Alternate solution: » 

Look in Table 1-2 to see wire having a diameter of 40.3 mils. 
This is observed to be #18 wire having a resistance of 6.38 ohms per 
1000 feet. 

R = 6.38 X = 3.84 ohms. 

Since most copper wire will conform to the standard wire 
gage, the resistance can usually be obtained directly from tables 
similar to Tables 1-1 and 1-2. It is often desired, however, to 
compute the resistance of shapes that are not circular, and so 
the computation from dimensions is necessary. 

Example. Determine the resistance of 400 ft of copper bar which 
has a T by 1-in. cross-section.* 

Solution: 

p = 10.37 ohms per mil ft 
I = 400 ft 
a = TXl = Tin.2 
4 

= 0.250 X - X 10® = 318,000 cir mils. 

TT 

R = p - = 10.37 oit^»nn 0.01305 ohms (Ans.) 
a olo,UUU 

Exercise 1-16. What is the area in circular mils of a wire having 
a diameter of 0.05 in. ? 

Exercise 1-16. What is the resistance of a copper tube 30 ft long, 
if it has an outside diameter of 1.5 in. and an internal diameter of 
1.3 in.? 

Exercise 1-17. What is the resistance of a copper strip having 
a thickness of 0.06 in., a width of 0.75 in., and a length of 164 ft? 

It is sometimes necessary to determine the resistance of con- 
ductors other than copper. This is easily done if the resistivity 

4 

* The area of one sq. inch is equivalent to ~ 10* circular mils. 
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Table 1-3 

PHYSICAL PROPERTIES OF SOME OF THE MORE COMMON 
METALS AND ALLOYS 


Metals and alloys 

Resistivity,' 
ohms 
(mil. ft) 

Resistance 
relative 
to copper 

Temp, coeff. 
of resistance 
per °C (20 C) 

Melting 

point 

°C 

Copper 

10.37 

1 0 

0 0039 

1 ,083 

Iron 

60 0 

5.80 

0 0050 

1,535 

Zinc 

35.5 

3 43 

» 0 0035 

419 

Tungsten 

33.2 

3 20 

0 0045 

3,382 

Aluminum .... 

16 1 

1 55 

0 0040 

659 

Gold 

14 5 

1 40 

0 0034 

1,063 

Silver 

9 78 

0 943 

0 0038 

960 

Radiohm . . 

800 0 

77 0 

0 0007 

1,480 

Nichrome . 

675 0 

65 0 

0 00017 

1,350 

Advance 

294 0 

28 0 

0 00002 

1,210 

High brass 

38 7 

3 75 

0.0016 

930 

Low brass . 

32 0 

3 10 

0.0017 

1,000 

Commercial bronze . . 

25.0 

2 4 

0.0020 

1,045 


of the other material is known. In Table l-S are given the 
specific resistivities of some of the more common conducting 
materials. 


Example. Determine the resistance of 65 ft of nichrome ribbon 
which is 0.04 in. thick and has a width of 0.5 in. 

Solution: 


p 

I 

a 


R 


675 ohms per mil ft 
65 ft 

0.04 X 0.5 = 0.02 in.2 
4 

0.02 X ^ X 10® = 25,400 circular mils. 

IT 


= 675 X 


65 


25,400 


1.73 ohms. 


Exercise 1-18. What is the resistance per 100 ft of aluminum 
tubing having an outside diameter of 2 in. and an internal diameter 
of 1.4 in.? 

Exercise 1-19. A 100-lb steel railways rail has a cross-section 
of 9.82 square inches. What would the resistance of this rail be per 
mile of length? 
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Exercise 1-20. The wire of a strain gage is made of Advance 
metal, is 0.001 in. in diameter, and has a length of 6 in. What is its 
resistance? (See Chap. 18, for a discussion of strain gages.) 

Temperature coefficient of resistance 

An important consideration in making resistance calculations 
is the effect of temperature on resistivity. In copper and most 
pure metals there is an appreciable increase in resistance with 
an increase in temperature. The change in these pure metals is 
approximately proportional to the temperature change, as long 
as very low or very high temperatures are excluded from the dis- 
cussion. In copper this change amounts to or 0.00393, of 
the resistance at 20° C for each degree C change in temperature. 
(This is approximately 0.4 per cent per degree C.) Thus, if the 
temperature of a coil has risen to 90° C, then the resistance 
would be 

7? (90) = 72(20) ”1“ 72 (20) (90 — 20)0.00393 

= 72(2o)[1 + (70 X 0.00393)] - 1.27572(20). 

In this case the resistance has increased by 27 per cent. 

This variation of resistance not only affects the calculations 
in the design of electrical equipment that operates normally at 
a temperature much higher than the air, but it is used exten- 
sively as a device for the measurement of temperature. The 
use of resistance coils for temperature measurement is common 
in recording thermometers and in automatic temperature con- 
trollers for comparatively low temperatures. 

In making calculations involving the temperature variation 
of resistance, it is important to remember that the temperature 
coefficients that are given in the table apply to the resistance 
at 20° C. If the known resistance is at a temperature different 
from that of the standard, it is necessary to use the above equa- 
tion to convert to the standard temperature before making the 
computation for final resistance. 

Example. The resistance of the copper field coil of a machine is 
measured as 21.3 ohms at 15° F. What will be the resistance when 
it is operating at 120° F? 

Solution: 

(1) Convert to Centigrade scale 

To = (Tf ~ 32)1 = (15 - 32)f 
= -17 X I = -9.45° C. 
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(2) Determine resistance at 20° C 

P 

«(20) - j _ 20)0.00393 

^ 2 1.3 

1 - 0.116 0.884 

(3j Convert final temperature to C scale. 

Tc = (Tf - 32)1 = (120 - 32)1 
= 88 X I = 48.9. 

(4) Determine resistance at final temperature. 

Ji(iiOT) = .^(48.9 0) = 24.15(1 + (48.9 - 20)0.00393] 

= 24.15(1 + 0.1135) = 26.9 ohms. 

The above operations 2 and 4 can be combined into one for- 
mula for convenience of calculation if a number of computations 
of this type are made. 

An alternate method of computation may be used on the 
basis that the coefficient of resistance of copper at 70° F is equal 
to 0.0022 per degree Fahrenheit. This makes it unnecessary to 
convert to the Centigrade scale. 

Exercise 1-21. Develop a single formula for determining the 
resistance at a specified temperature where the resistance is given at a 
temperature other than the 20° C reference. (This may be written 
in the margin of the book for future reference.) 

Different metals and alloys have different temperature coef- 
ficients. The values of these coefficients are given in Table 1-3. 
The range for the more common pure metals is from 0.0035 to 
0.005. The coefficient of resistance of several of the resistance 
alloys is not always constant over the higher temperature ranges. 
The values given in the table will, however, give the data suffi- 
ciently close for most purposes. Nichrome wire, for instance, 
increases only about 14 per cent in resistance in going from room 
temperature to 800° C. 

The coefficient of resistance of Advance (and similar alloys) 
is so small that it may be neglected for ordinary temperature 
differences. These alloys are used for standard resistors, and 
no temperature correction is necessary for ordinary accuracy. 

Exercise 1-22. A coil made of tungsten wire is used for tempera- 
ture measurement. Its resistance at 20° C is 120 ohms. How accu- 
rately must this resistance be measured at 600° C if the temperature 
is to be measured to one degree? 



DIREQ-CURRENT CIRCUITS 


21 


Chap. 1] 

Exercise 1-23. What change in resistance occurs in a nichrome 
heater when going from 70° F to 1600° F? Thfe resistance at 70° F is 
6.05 ohms. 

Kirchhoff*s laws 

Two rules or laws known as Kirchhoff's laws are important 
tools in the solution of complicated electric circuits. The first 
of these may be stated as follows. Kirchhoff^s current law: 
The current flowing into any junction of an electric circuit is equal 
to the current flowing out of that junction. 

The truth of this statement may be regarded as self-evident 
since there is no provision for storage of electric charge at the 
junction points of electric circuits. If the statement were not 
true, then there would be an indefinite accumulation of charge 
at the junction that is not possible in simple conductors. In 
Fig. 1-10, with the current directions assumed as indicated in 
the diagram, 

/i + ^2 + /a = I A. 

An alternate statement of this law may be obtained by sub- 
tracting I A from both sides of the equation to obtain 

7^1 + ^2 + ^3 ^4 = 0 . 

This alternate statement is: The algebraic sum of the currents 
flowing into any junction of an electric circuit is zero (when due 
regard is taken of the assumed positive 
directions). This statement emphasizes 
the fact that in complex circuits the direc- 
tion of current flow is often not known, 
and, therefore, a positive direction of flow 
must be assumed. If in the final solution 
the current value is found to be negative, 
it indicates that current flows opposite to 
the assumed positive direction. 

The second of the laws has to do with 
the voltages in any of the loops or meshes of a complex circuit. 
It may be stated as follows. Kirchhoff's voltage law: The 
algebraic sum of the battery or generator voltages around any loop of 
a circuit is equal to the algebraic sum of the voltage drops in the 
resistance elements of the same loop. 

The truth of this statement is also self-evident, since in pass- 
ing around a circuit the potential will vary, but the potential at 
the starting point will remain the same. The algebraic sum of 
the voltage variations in passing around the circuit must be zero 



Fig. 1-10. Currents 
at a Junction Point in 
Complex Circuits. 
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in order to arrive at the starting point without change in poten- 
tial. This leads to the alternate statement for the second law 
as follows: The algebraic sum of the voltage changes around any 
loop of a circuit is equal to zero. 

To illustrate the use of these equations a very simple net- 
work, having only two loops, will be studied. In Fig. 1-11 there 
are two loops with an impressed voltage in each loop. In order 
to solve this circuit, the current equation at junction A will be 
written first. 

h = h. 

This equation includes all three unknowns and, therefore, is the 
only relation that can be obtained from the current law. 

The voltage equations around the loop will next be estab- 
lished by carefully observing the following conventions. In 


R| 




^2 Iz If 

Fig. 1-11. A Two-Loop Network with Current and Voltage Designations for 
Formulation of Kirchoff Law Equations. 

each loop a positive direction around the loop must be chosen. 
In this case the counterclockwise direction will be assumed as 
positive for both loops. A voltage tending to produce current 
in the positive direction is positive. When current flows 
through a resistance in the positive direction, a reduction of 
potential is experienced in passing through the resistance ; hence 
this will give a positive voltage drop. If the current flow is in a 
direction opposite to the assumed positive loop direction, the 
voltage drop will be negative, or a voltage rise will be experienced 
in passing through the resistance. Observing these conventions, 
one obtains the following equations : 

El = RJ 1 “h Rdl^j E 2 = R2^2 — Rzli» 

The directions of Ii and Iz are both positive in the assumed 
positive (counterclockwise) direction of traversing the right- 
hand loop; and therefore, both will produce voltage drops. 
These voltage drops will be equal to the voltage impressed in 
the loop. In the left loop, however, the positive direction of 
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/s is opposite to the assumed positive direction of traversing the 
loop and therefore produces a voltage rise that will be assigned 
a negative sign in the equation. 

Attention is directed to the fact that the positive direction 
of /s was arbitrarily assumed and that there is no assurance that 
the current is actually flowing in this direction. Whether it is 
flowing in one direction or the other will depend upon the values 
of El, E 2 , and the resistors in the circuit. If the actual flow is 
not in a positive direction for any of the unknown currents, the 
solution will give a negative value for that current. Care must 
be used to maintain the assumed positive directions of current 
throughout the solution once the assumption has been made. 

The current and voltage equations are collected and solved. 

Iz = Ii — / 2 , El = Rili + RJzj E2 = R2I2 ~ Rzl 

Example. Assume that the voltage and resistance values for the 
circuit of Fig. 1-11 are as follows: 

= 50 V Ri = 10 ohms Rz = 20 ohms. 

E 2 = 100 V J ?2 = 15 ohms 

Determine the current flowing in Ri and R 2 . 

Solution: 

(1) Set down the current and voltage equations for the circuit. 

/a = /i — I2, El — Rili + Rzizj E2 = R2I2 Rzlz> 

(2) Eliminate Iz by substitution. 

El = Rili + ^ 3(^1 ~ T 2 ) E 2 = R 2 I 2 Rz{Ii 1 2 ) 

(3) Collect the coefficients of the unknown currents and rewrite 
the equations. 

El = (Ri + Rz)Ii — Rzl 2 j E2 = -—Rzli + {R2 + R^Iz- 

(4) Substitute numerical values of voltages and resistances and 
solve. 

60 = 30/1 - 20/2 100 == - 20/1 + 35/2 

50 -20 

, 100 35 

^0 =5.76 amp. 

-20 35 

30 50 

, -20 100 

"30 ^ =6.15 amp. 

-20 35 

It = h — It — 5.76 — 6.15 = —0.39 amp. 
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Although the above example is solved by the use of deter- 
minants, any of the various forms of solution of simultaneous 
equations may be used. The results indicate that the assumed 
direction of Iz was indeed incorrect and that the current was 
flowing in the direction opposite to that which was assumed. 

Exercise 1-24. Determine the voltage across ah of Fig. 1-12. 



R4 


Ei = 60 
R 2 == 20 
R 4 = 7 
R« = 2 


Fig. 1-12. Circuit for Exercise 1-24. 


Exercise 1-26. A three-wire distribution system is supplied with 
two 125-v generators connected in series as shown in Fig. 1-13. Deter- 
mine the voltage across each load if the distribution wire is all No. 
2 AWG copper wire. 


400 ft 4- 300 ft 



Fig. 1-13. Circuit for Exercise 1-25. 


/i = 40 amp. 
I 2 = 35 amp. 
/a = 65 amp. 


Maxwell's mesh equations 

An alternate method of solution based on the same funda- 
mental laws was developed by Maxwell and bears his name. 
This method involves a somewhat different designation of cur- 
rents, which allows the elimination of the current equations in 
the Kirchhoff law method and proceeds directly to the voltage 
equations. This method is preferred by many engineers because 
it simplifies the solution considerably. 

To illustrate this method the same circuit shown in Fig. 1-11 
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will be used, but the currents flowing in ea9h loop will be desig- 
nated as 1 1 and 1 2 , as shown in Fig. 1-14. It will be noted that 
the current in Rz is then (7i — when the positive direction 
of current flow is downward as in loop 1. This agrees with the 
value of /a in the Kirchhoff law current equation. 



Fig. 1-14. A Two-Loop Network with Current and Voltage Designations for 
Formulation of Maxwell Mesh Equations. 

The voltage equations are formulated as before in loops 
1 and 2. 


El = {I I — 4 " / iHiy E2 = { 1 2 — i 1)^3 4 ” J 2 ^ 2 * 

When coefficients of the unknown currents are collected, these 
equations become: 

El = {Ri + fls)/i - Rdi, E 2 = -Rsh + {R 2 + ff8)/2. 

It is observed that these equations are identical with the equa- 
tions obtained by the Kirchhoff law method after Iz has been 
eliminated and the coefficients of the unknown currents have 
been collected. MaxwelFs mesh equations are therefore just 
another form of Kirchhoff^s equations. 

Principle of superposition 

Another method of obtaining the current in a circuit having 
several voltages is based on the principle that the current in any 
wire of a complex circuit is equal to the algebraic sum of the cur- 
rents produced in that wire by each of the voltages acting independ- 
ently {and with the other voltages shorted out). This will be 
explained by solving the illustrative example on page 23 by 
this method. 

Example. (1) In Fig. 1-11 assume that E 2 is shorted out and that 
El only is effective. This places R 2 and Rz in parallel and these in 
series with Ri. 
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(2) Equivalent resistance of parallel circuit is 

8.56 ohm,. 

Ri 4* Rt 15 “I” 20 

(3) Total resistance = 8.56 + 10 = 18.56 ohms 


[Chap. 1 




" ■ = 2.69 amps /'2 = ^ X I'l = 1.54 amp 

18.56 15 


Vz = 


8.6 

20 


X /'i = 1.15 amp. 


(4) Assume that Ex is shorted out and that is effective. This 
places Ri and Rz in parallel and these in series with R 2 . 

(5) Equivalent resistance of parallel circuit is 


RxRz 
R\ + Rz 


10 X 20 

10 + 20 


6.66 ohms. 


(6) The total resistance = 6.66 + 15 = 21.66 ohms 

/"2 = = 4.61 amps r\ = ^ X r\ = 3.07 amps 

21.66 10 


/ 


If 

i 


6.66 

20 


X r 


— 1.54 amps. 


(It is noted that /"s will flow in a direcdion opposite to that assumed 
in the diagram and will therefore appear as a negative current value.) 

(7) The current with both voltages in the circuit will be the 
algebraic sum of the individual currents. 

/, = I\ + r\ = 2.69 + 3.06 = 5.75 amps 

li = I'i + /"2 = 1.54 + 4.61 = 6.15 amps 

h = + Z", = 1.15 - 1.54 = -0.39 amp. 

It is observed that these values agree with the values obtained 

previously. 

The main advantage in this method is that it does not require a 
knowledge of the technique of forming and solving simultaneous 
equations. 

Symbols and abbreviations 

The circuits that have been used so far have been so simple 
that there was no possibiUty of misunderstanding. Later cir- 
cuit diagrams are more complicated, and so standard symbols 
are used to indicate circuit elements. The circuit symbols 
shown in Fig. 1-15 indicate the usual symbols used. However, 
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Conductors Crossing 


Not Joined 


— nnnnnp 

or 


Conductors not Crossing 

Joined Both Joined 

Inductors 


or 


or 


or 


Fixed 


Variable Adjustable 

Resistors 


Magnetic 

Core 


-AAAA/^ -VvA^ ^V\A^or_(Y)_ 

or or or 


Fixed 


-c 


Variable Adjustable 

Capacitors 


.]( or . 

Fixed 






Variable or Adjustable 


Transformers 


mic 


1 

T 


Open 


General Magnetic Core 

Contacts 

» a H In 

Closed Open Closed Sequence 

Meters 




-©- -©- -©- 


Ammeter 


Ground 


Voltmeter Galvanometer 

Miscellaneous 

Hi- ^ “ X 


Battery 

Fig. 1-16. Electrical Graphical Symbols. 


Operating Coll 
of Relay 
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some deviation may be made to familiarize the reader with 
some of the commercial symbols and diagram procedures. 

The very wide range of magnitudes of the various electrical 
quantities has led to the extensive adoption of many units 
which are decimal parts or multiples of the basic units. The 
prefix milU means one thousandth ; for example, one millivolt is 
one thousandth of a volt. Likewise, micro means one millionth. 
Kih means thousands and mega means millions. The use of 
such units saves many troublesome decimals. It is necessary, 
however, to remember that the circuit laws are based on ohms, 
amperes, and volts and that other units must be converted to these 
before circuit problems can be solved. 

Nonlinear circuit elements. Varistors 

Although most circuit elements conform to the assumption 
of constant resistance within normal engineering accuracy, there 
are many special circuit elements in which the resistance varies 
with the current flow. Such circuit elements are called non- 
linear since the rectangular co-ordinate plot of current vs. volt- 
age is not a straight line. Many of these nonlinear circuit 
elements, or varistors (as they are called), are now finding impor- 
tant commercial applications. 



CHAPTER 2 


Ferromagnetic Circuits 

Magnetic concepts 

The simpler phenomena of magnetism are known to every 
scientific student, but a complete understanding of the mecha- 
nism of magnetic action is still the subject of advanced research. 
Magnetism appears to be associated with the movement of elec- 
trons. This electron movement may occur in electric wires, in 
the orbits of molecules of iron and other magnetic materials, or 
in the spins of these same electrons. 

Although the classical use of magnets in navigation as com- 
passes is known to every school boy, the modern uses of magnets 
are not so well known. Magnetic, as well as conducting and 
insulating, materials form the basic engineering materials of the 
electrical industry. Motors, generators, and transformers use 
most of the several million tons of magnetic materials that are 
annually consumed. Industry also requires such electromag- 
netic devices as relays, chucks, couplings, instruments, and 
other measurement and control devices. Useful magnetic mate- 
rials either are magnetized and demagnetized easily or are per- 
manent magnets that are magnetized with difficulty but retain 
their magnetism. 

There is no conduswe evidence of any flow of a magnetic sub- 
stance. However, just as the concept of the flow of an electric 
fluid aided greatly in the development of electric-circuit theory 
before the discovery of the electron, we continue to use con- 
cepts of magnetic flux or flow to aid in the visualization and 
prediction of magnetic effects in electrical machinery. 

In order to discuss the performance of magnets it is neces- 
sary to have a method of representing both the direction and 
magnitude of the magnetic field. The method adopted by early 
scientists and still in general use is to indicate the direction of 
the field by lines that follow the pattern assumed by iron filings 
sprinkled around a magnet. Such a system of lines is shown in 

29 
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Fig. 2-1 for a bar magnet. It is observed that at the poles, 
where the magnetic effect is greatest, the lines are most numer- 
ous, or, stated in another way, their density per unit area per- 
pendicular to the lines is a maximum. Thus the density of lines. 




Fig. 2-1. The Magnetic Field of a Bar Magnet. 

or flux density, is used as a measure of the magnetic flow, which 
in air is also a measure of the intensity of the magnetic field. 
In Fig. 2-2 a coil is shown with flux lines almost identical with 

those of the permanent magnet 
in Fig. 2-1. If the current in 
the coil is doubled, the mag- 
netic intensity is also doubled. 
If the current remains the same 
and the number of turns is 
doubled, the magnetic intensity 
is likewise doubled. If both 
the current and the turns are doubled, then the magnetic inten- 
sity becomes four times the original value. Thus it is inferred 
that the magnetic intensity or flux density in air is proportional 
to the product of the electric current in amperes and the number of 
turns in the coil. The unit used by many electrical designers to 
measure magnetic cause or magnetomotive force is therefore the 
ampere-turn* 

Iron and many of its alloys are so susceptible to magnetic 
induction that they are used extensively to guide and concen- 
trate the magnetic effect. In this way, iron and steel act with 
regard to magnetism in much the same way that a good conduc- 


Fio. 2-2. The Magnetic P'ield about a 
Coil of Wire Carrying Current. 


* The gilbert, (0.47rA^7), the unit of magnetomotive force in the CGS system is 
also used extensively. 
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tor acts toward electricity. Since an ampere-turn, or unit of 
magnetomotive force, will produce from seVeral hundred to sev-^ 
eral thousand times as much flux in iron as it will in air, iron is 
said to be a good conductor of magnetism, and most commercial 
applications of magnetism involve a circuit of iron that is closed 
except for a small air gap. Most magnetic problems, therefore, 
involve a circuit similar in many ways to an electric circuit with 
nonlinear circuit elements. Since there is no known magnetic 
insulator, there is always a considerable amount of leakage that 
may cause significant errors in calculation unless special methods 
of computation are used. In order to understand the operat- 
ing characteristics of motors and generators and to properly 
adjust and maintain the many relays, meters, and control devices 
used in modern industry, a study of simple magnetic circuits is 
required. 

Magnetic units 

Magnetic quantities are measured in units, many of which 
have distinctive names. In the study of physics these units and 
their relationships have been defined in terms of the CGS or 
MKS systems. Most designers in the United States use a 
slightly different set of units, which is based on the EngUsh inch 
as a unit of measure. The relation of the different sets of units 
is shown in Table 2-1. From this table conversion factors may 
be developed as needed. 

This complexity of units has tended to obscure the rather 
simple method of handling magnetic problems. In this text the 
English, or practical, units will be used for most magnetic cir- 
cuits involving soft iron (electrical sheets) because that is the 
form in which engineers generally work these problems. In the 
case of permanent magnets it is common for the data to be pre- 
sented and the problems to be worked in the CGS or MKS units. 
For the formal definitions of these magnetic quantities the stu- 
dent is referred to a good college physics text. 

Magnetization curves. Characteristics of nonlinear circuit 
elements are shown best by curves that indicate the relation 
between the current and voltage or between magnetic pressure 
and magnetic flux or flow. Figure 2-3 shows typical curves 
for a few magnetic materials. The magnetic flux is indicated 
in lines per square inch and the magnetomotive force is shown 
in ampere-turns per inch of length of the magnetic circuit 
required to produce the flux density indicated by the curve,. 



Table 2-1 
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For instance, wrought iron will require 30, ampere-turns /in. to 
produce a flux density of 100,000 lines/in.* If then a bar which 
has a cross-sectional area of 2 in.® and a length of 10 in. is to be 
magnetized to this flux density, the total ampere-turns required 
would be 10 times 30, or 300 ampere-turns, to produce the flux 
within the bar. The total flux in the bar would be the product 
of the flux density and the cross-sectional area, or 2 X 100,000 
= 200,000 lines. The magnetomotive-force drop in the remain- 



0 2 4 6 8 10 

0 500 1000 

Magnetizing force Ampere turns per inch 


Fig. 2-3. Typical Magnetization Curves. 

der of the magnetic circuit must of course be supplied, but the 
magnitude of that magnetomotive force is a separate calculation.' 

Magnetic flux in the air gap. Since air and other nonmag- 
netic materials have no polarized atoms (as will be explained in 
a later paragraph), the magnetic flux requires a much greater 
magnetomotive force per unit length of circuit than does iron. 
Also, the flux is directly proportional to the magnetomotive 
force, so the magnetization curve is a straight line having an 
equation of 


i\r/(p.r ineh) — 0.313B, 
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where N is the number of turns, I the current in amperes, and 
B the flux density in lines per square inch.* This curve is 
plotted in Fig. 2-4. 



10 20 30 40 

Magnetizing Force 
Thousands of Ampere-Turns per In. 


Fig. 2-4. Air Gap Magnetization Curve. 

Calculation of simple magnetic circuits 

It is now possible to compute the magnetomotive force 
required to produce a specified flux in a simple magnetic circuit. 
The procedure is to determine the magnetomotive force required 
by each series element of the circuit and then to add all of these 
component parts to obtain the total. (This corresponds to 


* This equation is given in most physics textbooks as 

47rA7 , 

B = H — Yq centimeter) 

where AtNI/10 is the magnetomotive force in gilberts and H is the magnetic 
field strength in oersteds, which in air is numerically equal to the flux density in 
gauss. When this equation is converted to English units, it becomes iV /(per inch) 
= 0.313B. 
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determining the voltage required to force a certain current 
through a simple series electrical circuit.) The method will be 
demonstrated by the following example. 

Example. How many ampere-tums are needed to produce a total 
magnetic flux of 20,000 lines in the core of the choke coil shown in 
Fig. 2-5? The core is made of armature grade electrical sheet steel. 

Solution: (1) The cross-sectional area of the magnetic path is ^ in. 
X ^ in. = T in. 2 

(2) The flux density is equal to the total flux divided by the cross- 
sectional area, or 20,000 t = 80,000 lines/in.^ 



(3) The magnetomotive for(;e required to produce this flux in 
armature sheets is (from Fig. 2-3) 10 ampere-turns/in. 

(4) The mean path may be assumed to be shown by the dotted 
line abed in Fig. 2-5. The path in the lower part of the iron circuit 
is It in. from a to 6, in. from h to c, and It in. from c to d. This 
is a total of 4 in., and the magnetomotive force required is 4 X 10 =40 
ampere-turns. 

The path in the upper portion of the iron circuit is t in. at d, li in. 
from d to a, and t in. at a for a total of 2 in. The magnetomotive 
force is then 2 X 10 = 20 ampere-turns for the upper portion of the 
iron circuit, since it has the same flux density as in the lower portion. 

The total ampere-turns necessary to overcome the reluctance of 
the electric sheet steel portion of the circuit is 40 + 20 = 60 ampere- 
turns. 

(5) The flux density in the air gap is 80,000 lines/in. ^ 

(6) The magnetomotive force to produce this flux density in air 
is 25,000 ampere-turns/in. (Fig. 2-4.) 

(7) The length of the air gap is 0.03 in. The ampere-turns per air 
gap is 25,000 X 0.03 = 750 ampere-turns. 

(8) The two air gaps are in series, so the total ampere-tums 
required for the air is 2 X 750 = 1500 ampere-turns. 
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(9) The total ampere-turns required is the sum of the ampere- 
turns for air and for the steel. 

1500 + 60 = 1560 ampere-turns (Ans.) 

Exercise 2-1. Determine the ampere-turns required to produce 
10,000 and then 25,000 lines in the magnetic circuit of the example 
above. Plot a curve of total flux against the ampere-turns required 
for the three values computed. 

Exercise 2-2. How many ampere-turns are necessary to produce 
a flux of 6000 lines in the magnetic circuit of the relay shown in Fig. 
2-6 if the core is made of Armco iron? 



Fig. 2-6. Magnetic Circuit for Exercise 2-2. 

The pull of electromasnets 

The attraction of an electromagnet for its armature is the 
basis of operation of most of the electrical control relays as well 
as some other devices. This attraction is proportional to the 
square of the flux density and to the area of the air gap. The 
equation for this pull is 

P = IMB^A 10-« lb 

where P is the pull in pounds, B is the flux density in lines per 
square inch, and A is the area of the air gap in square inches. 
Since the pull is proportional to the square of the flux density, 
it is important to keep this quantity as high as possible without 
carrying the iron or steel of the magnetic circuit to saturation. 

The pull of electromagnets is used for many purposes in 
engineering, and it is possible to illustrate but a few of them 
here. One of the most common types which may be obtained 
commercially is known as a tractive magnet, because it provides 
a pull over a specified distance. A picture of such a tractive 
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magnet is shown in Fig. 2-7, and the corresponding dimen- 
sioned sketch of the magnetic circuit is shown in Fig. 2-8. It 
is observed that the movable element completes the magnetic 
circuit through the center of the coil and that the air gaps involve 
both a small gap at the side of the moving element and a larger 
one at the end. The flux on the two sides of the plunger is 
approximately equal, and the forces thus balance; but the flux 
leaving the end of the plunger produces an uncompensated force 
that causes the tractive pull of the magnet. The computation of 



Fig. 2-7. A Commercial Form of Tractive Magnet. 


the magnetic forces of such a tractive magnet is illustrated in 
the following example which also provides a study of magnetic 
circuits having parallel magnetic paths. 

Example. Determine the number of ampere-tums required to 
produce a 50-lb pull in the tractive magnet shown in Fig. 2-8 when 
the distance a: is 2 in. 

Solution: (1) Determine the flux density required in the air gap. 

Pull = 1.38BM X 10-* 
where Pull = 50 lb and ^ = 2 X 1^ = 3 in.* 


50 = 1.38B* X 3 X 10-« 
50 X 10« 




3 X 1.38 


= 12.06 X 10* 


B = 34,800. 
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Fig. 2-8. A Hiniplified Magnetic Circuit of Fig. 2-7 

(2) Determine the ampere-turns to force the required flux across 
the main air gap. 

NI = 2X 0.313i^ 

= 2 X 0.313 X 34,800 
= 21,800 


(3) Determine the ampere-turns required for the secondary air gap. 
Since only half the flux crosses each secondary gap, the flux across 
each path is 


B X A 34,800 X 3 
« = = 2 


52,100 


The flux density will then be 


- 1 - iffr} - 


= — X 0.3135 - 
16 


0.313 X 27,800 


(4) Determine the ampere-turns required for the iron portion of 
the circuit (armature grade sheet steel). 
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Since the magnetic path of the sides is ^really composed of two 
parallel paths, each taking half the flux, then the flux in each path is 
52,100 and the density is the same as in the secondary air gap since 
the area is the same. From the curve in Fig. 2-3 the NI per inch 
at a density of 27,800 is about 1. Since the length of each path is 
about 15 in. in iron, then the total ampere-turns for the iron (other 
than the plunger) would be 

NI = 1X15 = 15. 

The ampere-tums required for the plunger are next calculated. 
The flux density in the plunger is the same as for the main air gap, 
which is 34,800. The length of the circuit in the plunger is about 5 in. 
From the curve of Fig. 2-3 the NI per inch at 34,800 is slightly greater 
than 1. The ampere-turns for the plunger are therefore 

AT/ = 1 X 5 = 5. 

The total magnetomotive force for the iron is the sum of 
15 + 5 = 20 ampere-turns. 

(5) Determine the total ampere-turns to produce the necessary 
flux. 

Since the flux paths are in parallel, the magnetomotive force is 
that required to force the flux through one of the paths which is 

NI = 21,800 + 545 + 20 

= 22,365, or approximately 22,400 ampere-turns. 

Exercise 2-3. Determine the current and voltage required in the 
above example if the magnetomotive force is supplied by a coil com- 
posed of 2000 turns of #14 copper wire having a mean length per 
turn of 14 in. 

Ferromasnetic theory 

It has been seen that soft iron and steel may be treated as 
nonlinear magnetic circuit elements in order to obtain engineer- 
ing solutions to design problems. Although these methods (with 
such refinements as may be required for the particular problem) 
are the methods used in engineering design, it must be realized 
that the magnetization curves are not single-valued curves, but 
represent only approximate values even for soft iron. In order 
to understand the limitations of magnetic circuit computations 
and to be able to intelligently specify permanent magnets, 
whose commercial importance is rapidly increasing, it is neces- 
sary to review more completely the fundamental concepts of 
ferromagnetic theory. 
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It has been mentioned that modern magnetic theory asso- 
ciates all magnetic effects with moving electrons. The mag- 
netic characteristics of iron appear to be largely the result of 
the uncompensated spin of some electrons in one of the orbital 
groups of the iron atom. The magnetic character of the iron 
atom causes atoms adjacent to each other (see Fig. 2-9) to align 
themselves in the form of very minute permanent magnets 
called domains. These domains are often irregular in shape 
but tend to align themselves with one of the three axes of the 
cubical iron crystal. However, there are forces of an inter- 
atomic nature that have the general character of frictional forces 


Magnetization of regions Orientation of atoms in regions 



Fig. 2-9. Molecular and Regional Characteristics of Ferromagnetic Materials. 

that tend to oppose any change in the magnetic condition of the 
domains. These forces have characteristics similar to “static 
friction” in that a certain minimum magnetic field strength is 
necessary to cause alignment of any single domain; but when 
this value is reached, that domain suddenly snaps into mag- 
netic alignment, as indicated by Fig. 2-9 (d) . As the magnetomo- 
tive force or field strength is increased, one after another of 
these domains becomes oriented and the magnetic flux becomes 
progressively larger. When all domains are oriented, the mate- 
rial is said to be saturated. 

The frictional character of these atomic forces tends to hold 
the domains in alignment and to produce a permanent magnet. 
Thus the magnetic flux is considerably higher for a given mag- 
netic field strength when it is decreasing than when the field 
strength is increasing. The magnetization curve is not, there- 
fore, single- valued; but the flux density corresponding to any 
specified value of field strength is dependent upon the previous 
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flux value. This frictional phenomenon in ferromagnetic mate- 
rials is known as hysteresis. ' 

Hysteresis loops 

Since much of the magnetic material used in electrical 
machinery has continuously varying magnetomotive forces 
applied, the hysteresis is normally specified by a curve of the 
value of magnetic flux density as it varies from a maximum 
positive magnetomotive force to zero, to maximum negative, 
to zero, and back to maximum positive value again. Such a 
curve is called a hysteresis loop and indicates quite completely 
the magnetic characteristics of the material. 

The hysteresis loops of several different materials are shown 
in Fig. 2-10 and will be used as a preliminary basis for study. 
The hysteresis loop for Alnico, which is a permanent magnet 
material, is most broad. It will be used, therefore, to indicate 
the manner of specifying such a curve and of defining certain 
magnetic terms. A large value of flux density is reached at a 
with a certain field strength in ampere-turns per inch, which in 
this case is 3000. The value of this flux density is about 53,000 
lines/in. ^ in this material. If the magnetic field strength is 
reduced to 1000 ampere-turns/in., the flux density will be 
reduced only to about 50,000 lines per sq in. In other words, 
the frictional forces in the magnetic material are so great that 
even though the field strength is reduced from 3000 to 1000 
ampere-turns/in., the majority of the individual domains would 
retain their magnetic alignment and thus retain a flux density 
of 50,000 lines/in.* 

When the external magnetomotive force is entirely removed, 
there will still be a flux density, measured by ob, of 40,000 
lines/in.* in the figure. This value of flux density is called the 
residual magnetism and is the flux that still remains in the iron 
when the external magnetomotive force or field intensity is 
reduced to zero. 

If the external magnetomotive force or field intensity is 
reversed and increased to 500 ampere-turns/in., the frictional 
forces of many of the domains will be overcome; and they will 
reorient themselves in the opposite direction, thus reducing the 
flux density to 32,000 lines. By the time the field intensity in 
the reverse direction has been increased to 1100 ampere- 
turns/in., enough domains have been 'reversed to reduce the flux 
density to zero. The value of field intensity necessary to 
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Fig. 2-10. Hysteresis Loops 
for Alnico Steel, Electrical 
Sheets, and Permalloy. 
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accomplish this result is known as the coercive force; and in this 
illustration it is the value oc, or 1 100 ampere-turns per inch. 

As the field intensity increases, the frictional forces of the 
remaining domains are rapidly overcome until the maximum 
value of flux density (53,000 lines/in.*) is again obtained at d, 
but in the reverse direction from a. If the field intensity is now 
reduced to zero and then reversed and increased to the original 
value, the magnetic material will pass through the same cycle it 
did in going from a through b and c to d, but in the reverse direc- 
tion. The completed curve is known as a hysteresis loop, and 
in the case of this particular material the high value of the 
residual magnetism and coercive force indicate that it will be 
useful as a permanent magnet. 

Magnetic characteristics of electrical sheets. By far the 
greatest volume of magnetic material is in the form of silicon- 
steel sheets known in the industry as electrical sheets. These 
steel sheets are used to form the magnetic circuits for nearly all 
electrical machinery and are, therefore, an important com- 
mercial product, millions of tons being produced each year. 

Typical hysteresis loops are shown in the upper right portion 
of Fig. 2-10 for electrical sheets. It will be noted that hysteresis 
loops are drawn for maximum flux densities of 20,000-, 50,000-, 
and 65,000-, lines/in.^ maximum values. 

Since the energy loss for each reversal is proportional to the 
area of the hysteresis loop, the loss increases rapidly as the maxi- 
mum flux density increases. It is usually uneconomical there- 
fore to operate a-c machinery at high flux densities. It will be 
shown later that the loss in the iron includes also PR losses 
resulting from eddy currents that flow in the iron. These two 
losses are normally combined at any specified frequency and 
reported in the form of curves of power loss in watts per pound 
(or per cubic inch) of the material plotted against the maximum 
flux density. 

It will be noted that a dotted line is drawn through the 
points of the hysteresis loops. This is the magnetization curve 
shown previously in Fig. 2-3 for electrical sheets. It is now 
clear that this magnetization curve does not completely specify 
the flux density in terms of the magnetizing force since there is 
a wide difference between the flux density on increasing and 
decreasing values of magnetomotive forces. Where an air gap 
is involved, however, the effect of this difference on the flux is 
slight since the ampere-turns to overcome the air gap are usu- 
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ally much larger than are involved in overcoming the reluctance 
of the iron. 

The ratio of the flux density to magnetomotive force is a 
measure of the ease with which it is possible to magnetize a 
material. The term that is used to describe this characteristic 
of a material is called the relative permeability. It may be 
defined as the ratio of the flux produced in a magnetic material 
by a specified field intensity to the flux that would be produced 
by the same field intensity in air. In ordinary electrical sheets 
the maximum value of this permeability is in the order of 6000 
to 12,000. 
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CHAPTER 3 

Direct-Current Measurements 

Permanent-magnet moving-coil meters 

The practical use of circuit theories that were discussed in 
Chap. 1 depends to a great extent upon an ability to measure 
the magnitudes of the currents, the voltages, and the resistances 
of equipment used in engineering practice. The student^s abil- 
ity to analyze and to interpret correctly the variations in meter 
readings is the ultimate justification for circuit analysis. 

The use of d-c instruments to determine temperature, flow, 
acidity, and many other quantities important to manufacturing 
processes makes a thorough understanding of the theory of these 
devices important for the engineer. 



Fig. 3-1. A Permanent-Mag- 
net Moving-Coil Meter. 



Fig. 3-2. The Moving-Coil As- 
sembly of Fig. 3-1. 


Nearly all d-c measurements sooner or later are dependent 
upon a galvanometer or permanent-magnet moving-coil type of 
meter, which will be studied first and in some detail. Fig. 3-1 
shows the main parts of such a meter. The permanent mag- 
net M supplies a magnetic field that is controlled by the soft- 
iron pole pieces P and the core C, so that the gaps have a radial 
field of uniform magnitude. A coil assembly A, shown in detail 
in Fig. 3-2, is supported in jeweled bearings so that it is free to 
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rotate back and forth in the air gap. The coil is composed of 
many turns of fine wire, usually wound on a copper or alumi- 
num coil form. The ends of the coil are connected to hair 
springs located on the top and bottom of the coil assembly. 



Fig. 3-3. Element of Permanent-Magnet Moving-Coil Instrument Cut Away to 

Show Construction. 



Fig. 3-4. Disassembled Parts of a Typical Permanent-Magnet Moving-Coil 

Instrument. 

These hair springs perform the dual function of providing a 
torque tending to restore the coil to its zero position and of 
providing the electrical connections to the coil. The current 
in the coil reacts with the magnetic field to produce a torque 
that is proportional to the current. This causes the coil to 
rotate until the electromagnetic torque and the restoring torque 
of the springs are equal. The angular deflection is propor- 
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tional to the current flowing in the coil and is indicated by the 
pointer as it moves along a calibrated circular scale, as shown 
in Fig. 3-3. Such a meter is generally known as a permanent- 
magnet moving-coil instrument. A drawing of the disas- 
sembled parts of such a meter is given in Fig. 3-4. 

The physics of the permanent-magnet moving-coil meter. 
When a conductor that is carrying current is located in a mag- 
netic field, a force or sidewise thrust is exerted upon it. The 
effective thrust is greatest when the wire is perpendicular to 
both the possible direction of motion and the direction of the 
field. This is caused by the magnetic interaction of the per- 



(a) (b) 

Fig. 3-5. Force Exerted on a Conductor which is Located in a Magnetic Field and 
Carries Electric Current. 

manent magnet field and the field caused by the current, as 
shown in Fig. 3-5. In this diagram an end view of the wire is 
shown in (a) with current flowing toward the reader. The mag- 
netic field produced by this current is shown to be in the form of 
concentric rings of flux around the wire that flows in a counter- 
clockwise direction. When the conductor is placed in a uniform 
magnetic field as shown in (b), the current flowing in the wire 
distorts the field so that an excess of fines are concentrated 
above the wire, whereas below the wire there are less than the 
usual number of fines. The apparent tendency of the fines to 
exert a lateral force on each other and on an electric conductor 
producing such distortion forces the conductor downward. The 
magnitude of the force on unit length of the conductor is pro- 
portional to the flux density in the air gap and the magnitude 
of the current. Expressed mathematically, this is 

F = 8.84 X lb 

where B is the flux density in fines per square inch, I is the 
length in inches, and I is the current in amperes. 

The manner in which this is applied to the foregoing meters 
is shown in the following example. 





48 DIRECT-CURRENT MEASUREMENTS [Chap. 3 

Example. Determine the torque produced on the coil of the meter 
in Fig. 3-1 when it is carrying 1 ma of current. The coil is square, 
having a length and width of f in., and is composed of 100 turns of 
fine wire. The air-gap density is 60,000 lines/in. ^ 

Solution: (1) Determine the sidewise thrust on each coil side. 

F = 100 X 8.84 X 10-» X 60,000 X I X 0.001 
= 3.98 X 10-^ lb 
= 6.36 X 10-3 02. 

(2) Determine the torque in inch-ounces. 

T = FX2) = 2X 6.36 X lO-^ X I 
= 4.77 X 10-3 in.-oz (^ns.) 

As indicated in the example, the forces involved in meters of 
this type are very small, and it is necessary to use great preci- 
sion in manufacture and considerable care in the use of these 
instruments if accurate results are to be obtained. If a meter 
is to be accurate to 1 per cent of its full scale reading and if the 
total torque is only about 5 X 10 ^^ in.-oz, then the friction 
torque must be limited to less than 2.5 X 10"“® in.-oz. Since 
friction is one of the important limiting factors in meter accu- 
racy, it can be recognized that a meter that will read 1 amp for 
full-scale deflection may have an accuracy of only ±0.01 amp. 
If then the meter is being used to measure 0.10 amp, the error 
will be the same, but the maximum percentage accuracy that 
can be assumed is 10 per cent. 

As indicated in the example, the permanent-magnet moving- 
coil instrument is a current-measuring device. Sin(;e the parts 
are small, the current is usually limited to a few milliamperes 
and often is less than 1 ma. 

Exercise 3-1. A small instrument has a coil | in. square. It is 
wound with 100 turns of wire and the field strength in the air gap is 
50,000 lines/in. 2 What is the torque when it has a current flow of 
50 Ma? 

Exercise 3-2, If the coil in Problem 1 above has an axial dimen- 
sion (width) of but 0.1 in., how many layers of #40 enameled wire 
would be required? What air gap would be needed if 0.01 in. of 
clearance is required on either side of the coil? What is the coil 
resistance? 

Voltage measurement 

In order to use this meter to measure voltage it is connected 
in series with a resistor that will limit the current through the 
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moving coil to the value that produces full-scale deflection at 
the maximum voltage for which the metei^ is calibrated. This 
resistor is made from manganin or some other resistance wire 
that has a very low temperature coefficient. This assures that 
the meter reading will not be much affected 
by temperature variation. 

The smaller the current taken from the 
voltage source when full-scale voltage is 
applied, the more sensitive is the instru- 
ment. Sensitivity is usually expressed in 
the ratio of the resistance to full-scale 
volts, or in ohms per volt. In a meter 
having a sensitivity of 1000 ohms/v and a 
full-scale voltage of 300, the resistance 
would be 300,000 ohms. Direct-current 
voltmeters are commonly manufactured in sensitivities of 100, 
1000, 10,000, and 20,000 ohms/v. 

Exercise 3-3. A voltmeter has a full-scale reading of 150 v and is 
marked on the scale as having a resistance of 150,000 ohms. What 
external resistor would be needed to make it possible to use it as a 
300-v voltmeter? 

Exercise 3-4. If the only resistor available in Exercise 3-3 was 
one having 100,000 ohms, could the meter be used to measure 240 v? 
What would the scale reading be? 

Exercise 3-6. A meter calibrated as a milliammeter with 0.10 ma 
full-scale deflection is available and has a resistance of 1000 ohms. 
It is desired to make a multirange voltmeter with the following full- 
scale ranges: (a) 1.0 v, (b) 10 v, (c) 100 v, and (d) 500 v. 

Show by diagram how you would construct such a meter, indh 
eating the values of resistors you would use. 

A voltmeter should make no appreciable change in the cir- 
cuit to which it is connected. If appreciable current is drawn 
from the circuit, conditions will change when the voltmeter is 
connected, and erroneous results will be obtained. In vacuum- 
tube circuits, therefore, it is almost necessary to use meters with 
sensitivities of 10,000 and 20,000 ohms/v. In power circuits, 
where the current values are larger and circuit resistances are 
lower, the more rugged meters of 100 and 1000 ohms/v are 
preferred. 

By the use of Ohm’s law a voltmeter may be used to meas- 
ure quite high resistances. For instance, a voltmeter having a 
resistance of 150,000 ohms reads 120 v when connected to the 
line. When connected in series with the unknown resistance, 



Fig. 3-6. Voltmeter 
with Internal Resistor. 
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it reads 40 v. The current in the meter has been reduced to 
of its previous value ; the total series resistance is, therefore, 
of the original value, or 450,000 ohms. The added resist- 
ance is 300,000 ohms. 

Exercise 3-6. It is desired to measure the leakage resistance of the 
insulation of an electric motor. A 300-volt voltmeter having a sensi- 
tivity of 1000 ohms/v is connected in series with the winding so that 
the only current flow is through the insulation to the ground. When 
connected to a 250-volt d-c line, the voltmeter reads 66 v. What is 
the value of the insulation resistance? 

The coil of the meter is usually made of copper, which has a 
high temperature coefficient. If such a meter is used without 
added resistance to measure very low values of voltage, the 
results will be subject to a considerable temperature error. As 
a result, meters that are to measure very low values of voltage 
are designed for a low coil resistance, so that a series resistor 
of several times the coil resistance may be added and thus 
reduce the temperature error to a negligible amount. Such a 
meter is often calibrated to measure either 200 or 50 mv at full- 
scale deflection. 

Current measurement 

Although permanent-magnet moving-coil instruments may 
be designed to measure directly small values of current, such as 

a very few milliamperes, the usual use 
of these instruments for current meas- 
urement involves the use of a shunt, 
which is a resistor of low value designed 
to have a specified millivolt drop at the 
rated current value. This value is usu- 
ally 50 mv, although higher values are 
used for many accurate meters. Man- 
ganin is usually used in these shunts to 
eliminate temperature errors. The ar- 
rangement of such a current-measuring 
device is shown in Fig. 3-7. Here the 
shunt is connected in the circuit of the current to be measured. 
A millivoltmeter with calibrated leads connected to the drop ter- 
minals of the shunt gives full-scale deflection when rated current 
is flowing through the shunt. For instance, if the shunt is a 25- 
amp 50-mv shunt, then the millivoltmeter must give full-scale 
deflection when 50 mv are across the ends of the calibrated leads. 



Fig. 3-7. Millivoltmeter 
with External Shunt. 
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It is usual to supply a meter scale marked with 25 amp for full 
scale and so divided as to provide maxihium convenience in 
reading. 

Many college laboratories are equipped with shunts of vary- 
ing size and with millivoltmeters having scales divided into 100 
divisions. In such an arrangement the reading of the meter, in 
the fractional part of the full scale, will be multiplied by the 
rating of the shunt. Care must be taken to use the special drop 
terminals on the shunt for the millivoltmeter connection. If 
the millivoltmeter leads should be connected to the line termi- 
nal, an appreciable error would result from contact-resistance 
drop. 

Since the resistances of shunts are quite low, the shunt and 
millivoltmeter may be used to measure low values of resistance. 
If a current sufficient to give reasonable deflection on the 
ammeter is flowing through the resistor of unknown value con- 
nected in series with the shunt, then the millivoltmeter may be 
disconnected from the shunt and connected across the unknown 
resistor to determine its voltage drop. For instance, if the 
shunt and millivoltmeter show that the current flow is 80 amp 
and if the voltage drop across the unknown resistor is 10 mv, 
the resistance is 

E 0.010 

R = Y = ~8o~ ~ 0.000125 ohms 

Great care must be exercised so that the millivoltmeter is not 
damaged in this type of test. Some preliminary method of 
determining resistance should have determined that the value is 
sufficiently low that the drop would not cause the millivolt- 
meter to be thrown off scale. 

Exercise 3-7. A phosphor bronze strip has been determined to 
have a resistance value less than 0.1 ohm. When a current of i amp 
is put through it, the millivolt drop is about 3 mv. What would be 
your next step in the measurement of this resistance? 

Exercise 3-8. The resistance of the series field of a 10-hp 125-volt 
d-c motor is to be measured. A current of 7.2 amps produces a milli- 
volt drop of 43 across the field circuit. What is the resistance? 

Multirange instrtiments. To obtain greater flexibility in 
use, instruments are often made for operation with more than 
one scale. In current-measuring instruments this is accom- 
plished by connecting a tapped shunt as illustrated in Fig. 3-8. 
As the diagram shows, the entire shunt is in series with the line. 
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and the coil is connected across the entire shunt. For the low 
range the line connection is made to the end terminals of the 
shunt. For the high range the line connection is made to the 
top of the shunt so that the current flows through only part of 
the shunt, and the resistance of the remainder of the shunt is in 
series with the instrument coil. Scale ratios obtained in this 
manner are usually between 4 : 1 and 10:1. 

Multirange voltmeters are constructed with tapped series 
resistors as shown in Fig. 3-9. The instruments are normally 



TERMINAL 


Fig. 3-8. Dual-Range Am- Fig. 3-9. Multirange. Volt- 
meter with Internal Shunts. meter with Internal Resistors. 

designed for operation at the lowest range, and then added 
series resistors are provided to extend the range to the desired 
value. 

The dynamometer type of instrument 

Electric power in d-c circuits may be obtained from the prod- 
uct of the current and voltage as determined from the perma- 
jient-magnet moving-coil meters just described, or it may be 
measured directly by a wattmeter. The use of the wattmeter 
is preferable in many cases, particularly where there are rapid 
changes of load. The wattmeter is an electrodynamometer 
instrument in which the magnetic field is supplied by a coil 
carrying electric current rather than by a permanent magnet. 

The essential parts of such an instrument are shown in Fig. 
3-10. The meter is connected to the circuit as indicated in Fig. 
3-11, where it is seen that the current of the circuit flows through 


DIRECT-CURRENT MEASUREMENTS 


53 


Chap. 3] 

the field coils, and the moving coil is connected across the line 
through a high resistance to limit the current to a very small 
value. Thus the current in the moving coil is proportional to 
the voltage, and the magnetic field is proportional to the cur- 
rent. Since the torque on the meter element is proportional to 
the product of the current in the moving coil and to the magni- 




Fig. 3-10 (left). Dynamometer 
Element. 

P'lG. 3-11 (above). Dynamo-Ele- 
ment Used as a Wattmeter. 



Fig. 3-12. I^^xternal Connection Diagram for a Wattmeter. 

tude of the magnetic field, it follows that the torque and the 
deflection of the meter are proportional to the product of volt- 
age and current or to the electric power. 

The standard connection diagram for such a meter is shown 
in Fig. 3-12. It will be noted that each coil has one terminal 
identified as ±. This terminal of the voltage circuit is con- 
nected to the moving coil, whereas the other terminal is con- 
nected to the resistor. The coil side of the circuit should always 
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be connected to the side of the line that is carried through the 
meter, as this connection will eliminate potential stresses on the 
insulation as well as electrostatic forces that may cause errors. 

Electrodynamometer meters may be arranged to measure 
current or voltage. (In fact, the most accurate a-c meters for 
current and voltage are of this type.) The connection arrange- 
ment for using this type of meter to measure voltage is shown 



Fig. 3-13. Dynamoineter Element Fig. 3-14. Dynamometer Used as an 
Used as a Voltmeter. Ammeter. 



Fig. 3-15. Diagram of Iron-Core Dynamometer Element for Wattmeter. 

in Fig. 3-13, whereas the current-measuring connection is shown 
in Fig. 3-14. In both of these instruments the torque and 
deflection are proportional to the square of the current flow, so 
that the scales are not uniform as they are in the permanent- 
magnet moving-coil type of instruments. 

A slight variation in the construction of the dynamometer 
type of instrument uses an ironcore magnetic circuit as shown 
in Fig. 3-15. This type of construction is satisfactory as long 
as the reluctance of the iron portion of the circuit is negligible 
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in comparison to the reluctance of the air gap. This is easily 
accomplished with the new low-reluctance alloys. It permits 
a much smaller movement and uses greater flux density than 
the conventional construction. 

The use of this dynamometer type of instrument for meas- 
urement of a-c quantities will be discussed in a later chapter. 

The galvanometer. The term galvanometer is applied to 
high-sensitivity permanent-magnet moving-coil instruments 



Fig. 3-16. Principal Parts of Light-Beam-Galvanometer Mechanism. 

used for detecting or measuring very small values of electric cur- 
rent or voltage. Usually this high sensitivity is obtained by 
suspending the moving-coil in the magnetic field by means of 
fine metal ribbon, instead of using a shaft pivoted on jeweled 
bearings. The coil may be suspended from an upper support 
by the fine metal ribbon, in which case the upper support and 
ribbon act as one electrical connection to the coil, and the other 
connection is brought out at the bottom through a very flexible 
fine wire. A more rugged construction provides for the coil to 
be suspended between two strips of gold alloy soldered to spring 
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mountings maintaining the correct tension on the suspensions. 
The upper suspension carries one electrical connection to the 
coil, while the lower one supplies the second connection. The 
alloy strips not only support the coil but also provide the counter- 
torque, since a rotation of the coil causes a twist in the suspension. 
The construction of a typical galvanometer is shown in Fig. 3-16. 
The moving coil is observed to be suspended in the magnetic 
field, and in this construction both top and bottom suspensions 
are used. 

The deflection of the galvanometer is indicated by a light 
beam reflected from the small mirror that is mounted on the 



Fig, 3-17. Diagram of Optical System for Typical Light-Beam Galvanometer 


coil. This light beam provides the pointer^ and with it pointer 
lengths of 1 to 3 ft may be obtained with no added weight to 
the moving element. 

The Wheatstone bridse 

The Wheatstone bridge is a special type of parallel circuit 
by which it is possible to compare the value of an unknown 
resistor with that of a known or calibrated resistor. It consists 
of four resistors as shown in Fig. 3-18. Resistors Ri and R 2 are 
fixed in magnitude, and R* is the unknown resistor. The resis- 
tor Rs is calibrated and variable. In operation the magnitude 
of Rs is adjusted until no current flows in the galvanometer G, 
The bridge is then said to be balanced, and the point d is at the 
same potential as point c. The following equations result : 


Dividing, 


R\Ii = R 2 I 2 and Ra^i 

Rill R2I2 Ri 


Rx = R$ 


Ri 


RJ 

Rx 


Therefore, 
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If i2i is equal to R^, as is often the case, then Rx is equal 
to R,. This is known as an equal-arm bridge and is most accu- 
rate if R\ and Ri are of the same order of magnitude as Rx. 
The accuracy of the results will depend upon accuracy of 
calibration of the known resistors, the elimination of contact 
resistance between the bridge elements, and the sensitivity of 
the galvanometer. 

W^ith all of the above elements carefully adjusted, measure- 
ments of resistance to an accuracy of 4 or 5 significant figures 



(!an be achieved. When the unknown becomes appreciably dif- 
ferent from Ry, then it is usually desirable to make R^ of the 
same order of magnitude as Rx. In most commercial bridges 
this is achieved by adjusting Ri by factors of 10. Thus, if Ri 
is 1000 ohms, then R« may be 100,000, 10,000, 1000, 100, 10, or 
1. The various settings of R^ would correspond to multiplying 
factors of 100, 10, 1, 0.1, 0.01, and 0.001. When the multiply- 
ing factor differs greatly from unity, as in the case of 100, 0.01, 
and 0.001, there are effects that tend to reduce the accuracy of 
measurement. For measurements of resistance values below 1 
ohm and above 1,000,000 ohms, special precautions must be 
observed to obtain resonable accuracy of results. 

The Wheatstone bridge is extensively used in industrial 
instruments for the measurement of temperature, strain, and 
certain other industrial quantities. The advantage of the 
Wheatstone bridge is that it is a null method. Thus, it is not 
dependent upon the calibration of the galvanometer but only 
upon its sensitivity. Therefore, it is possible to use a very 
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sensitive galvanometer to determine when the bridge is bal- 
anced; and if the bridge elements are accurate, excellent results 
can be obtained. Results are independent of the impressed 
voltage and resistance of most lead wires. 

Exercise 3-9. What is the resistance of the unknown if iii = 1000, 
R 2 = 100, and R, = 5673 ohms? 

Exercise 3-10. If the galvanometer can detect a difference of 
100 mV, what maximum accuracy can be expected when measuring an 
unknown resistance with the following bridge values: 

Ri = 1000, R 2 = 1.0, R, = 473 ohms? Assume a 2-v battery 
supply. 

The potentiometer 

Another instrument involving equipment quite similar to 
the Wheatstone bridge and using the null method of balancing 



Fig. 3-Ji). J^lenientary Potentiometer Circuit. 

voltages is known as the potentiometer. It is used to obtain 
accurate measurements of small voltages, such as the voltages 
developed by thermocouples. 

Fundamentally, the potentiometer consists of a resistor or 
drop wire carrying a constant current. An elementary form of 
this circuit is shown in Fig. 3-19. In this figure the resistor Ri 
is an accurately calibrated drop wire. Its total resistance might 
be 1500 ohms. If the variable contact is set so that the resist- 
ance from A to C is 1018.3 ohms, then the voltage from C to A 
would be 1.0183 volts if the current in drop wire were accurately 
adjusted to one milliampere. Since the voltage of a standard 
cell is just this voltage, the switch can be thrown in the “up” 
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position and Ri then adjusted until a null point is reached. 
This then gives just one milliampere in the drop wire. This 
adjustment of the current to the exact amount by comparing the 
voltage drop to the voltage of a standard cell is often referred 
to as standardizing the current. 

When the double-pole switch is thrown to the “down” posi- 
tion and connected to an unknown voltage which is to be meas- 
ured, the connection at C is adjusted along the resistor Ri until 
no galvanometer deflection is obtained. The voltage at C, the 
point of zero deflection, is now equal to the unknown voltage; 



(o) Volt-box (b) Shunt 


Fig. 3-20. The Use of a Standard Volt-Box and Shunt for Voltage and Current 
Measurement, Using a •l^otentiomcter. 

since the resistance between A and C' is known from the calibra- 
tion and since the current is 1 ma, the voltage between A and 
C' is known. 

When it is desired to measure voltages that are greater than 
1 V, it is customary to use a fixed potentiometer, or volt box, to 
take off a certain portion of the unknown voltage to measure, 
as shown in Fig. 3-20 (a) . For instance, if it is desired to measure 
a voltage of 84.37 v, then Rv of Fig. 3-20 (a) would have a total 
resistance of 100,000 ohms with a tap taken off at 1000 ohms. 
In this case only 0.01 of the voltage would appear at the volt- 
age terminals V', and the potentiometer would measure a volt- 
age of 0.8437 V. 

When it is desired to measure current, a shunt is used, and 
the potentiometer is used to measure the millivolt drop in the 
shunt. This circuit is shown in Fig. 3-20 (b). In this case if 
it is desired to measure a current of 74.67 amp, a shunt hav- 
ing a resistance of 0.01 ohm will be used, giving a drop of 
0.7467 V which will then appear at 7' to be measured by the 
potentiometer. 
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Electromagnetic Induction 

Voltase induced in a coil 

Just as electric current and magnetic flux are associated, so 
also a change in magnetic flux is normally associated with an 
electric pressure or voltage. In the case of radio waves the 
changes of magnetic fields are associated with corresponding 
changes in electric fields and potentials, which changes are prop- 
agated through space and are detected by means of an aerial 
and radio receiver set. This type of relation between electric 
and magnetic fields is seldom found in industrial electricity. 
The study of electromagnetic induction in this chapter will be 
limited to the restricted, but extremely important, portion of 
the subject dealing with electrical machinery and other indus- 
trial devices. 

It should be remembered that electrical engineering is based 
on the science of physics, and that physics is based on labora- 
tory experiments. All phenomena in electrical engineering are, 
therefore, based on the fundamental experiments of physics. 
It is well to review one of these experiments as a basis for the 
study of electromagnetic induction. 



Fig. 4-1. A Coil and a Bar Magnet. 


Suppose a wire is wound on a cardboard tube, as shown in 
Fig. 4-1, and the ends of the wire are connected to a galvanom- 
eter or a sensitive meter with a zero center scale. A perma- 
nent bar magnet is available whose magnetic field, as shown in 
Fig. 4-1, is the same as previously discussed in Chap. 2. 
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When the bar magnet is suddenly thrust into the coil, as 
shown in Fig. 4-2, the galvanometer pointer is observed to 
swing to the right. This indicates that a voltage has been pro- 
duced in the coil, which has forced an electric current through 
the circuit. This voltage and current are observed, however, 
to be momentary only, since, when the magnet is stationary in 
the center of the coil, as shown in Fig. 4-3, the galvanometer 



Fig. 4-2. The Bar Magnet 
Being Inserted in the Coil. 


Fig. 4-3. The Bar Magnet at 
Rest in the Coil. 


pointer returns to zero, indicating that no voltage is being pro- 
duced. It is concluded, therefore, that the voltage produced is 
associated with the relative movement of the magnet with 
respect to the coil. 

When the bar magnet is suddenly withdrawn from the coil, 
as shown in Fig. 4-4, the galvanometer pointer swings to the 
left, which indicates that a voltage 
is again produced momentarily. 

This time, however, the direction of 
the voltage and its associated cur- 
rent has been reversed, since the 
galvanometer deflection is toward 
the left instead of toward the right. 

These apparently simple phe- 
nomena are the keys to a very com- 
prehensive system of interrelationships between the change of 
magnetic flux, the voltage produced, and the resultant current. 
Conclusions include the following: 

a) Relative motion between a coil and a magnetic field pro- 
duces a voltage. 

b) A reversal of the direction of the relative motion reverses 
the direction or polarity of the voltage generated. 

It can be demonstrated that the current produced in the coil 
in each case is in such a direction as to oppose the change in 
flux. That is, a magnetomotive force is produced that tends to 
oppose the increase of flux when the magnet is being thrust into 



Fig. 4-4. The Bar Magnet 
Being Withdrawn from the Coil. 
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the coil, and opposes the decrease in flux when the magnet is 
being withdrawn. Upon analysis it is found that the current 
in the coil is also in such a direction that it produces a force that 
opposes the movement of the magnet, thus conforming to the 
law of conservation of energy. 

The above relationship may be stated as follows : 

In any variation of a magnetic field with respect to a coil which 
will cause a voltage to be generated, the voltage will be in such a 
direction as to produce a current in the coil, the magnetomotive 
force of which will oppose the original variation of magnetic flux. 

This relationship is known as Lenz’s law and may be used 
to solve many electromagnetic problems. 

Magnitude of the induced voltages. If the experiments of 
Fig. 4-1 to 4-4 were repeated using different rates for insertion 
and withdrawal of the magnet, it would be observed that the 
magnitude of the swing of the galvanometer would be propor- 
tional to the rate at which the magnetic field moved with respect 
to the coil.* Stated another way, the voltage induced is pro- 
portional to the rate of change of magnetic flux. Mathemati- 
cally this is expressed as 



where e is the voltage induced and K is a constant depending 
upon the turns in the coil and the units. 

Experiment indicates that the voltage e in the above equa- 
tion is directly proportional to the number of turns in the coil. 
When the flux is measured in lines or maxwells, then the con- 
stant of proportionality needed is 10“*. The following equa- 
tion, therefore, expresses the quantitative relationship between 
voltage induced, the turns in the coil, and the rate of change of 
flux. 


dA 

= 10 -* 
dt 


where e is in volts, N is coil turns, <f> is the lines of flux, and t is 
the time in seconds. 

The product of the number of turns and the lines of flux 
linking them is called the flux linkage. 


* This assumes that the natural period of the galvanometer is short and that 
the deflection accurately reflects the current flow. 
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The voltage of self-induction 

If, in the previous figures, the galvanometer is replaced with 
a battery, a switch, and an oscillograph element to measure the 
instantaneous current, the resultant circuit is shown in Fig. 4-5. 
When the switch is closed, a current flows and a magnetic field 
is set up. This is an identi- 
cal field with that shown in 
Fig. 4-2, and it is reasonable 
to expect that in setting up 
this field opposing reactions 
would occur that are similar 
to those produced when the 
bar magnet was inserted into 
the coil. Confirmation is 
obtained by the results of the 
oscillographic record when 
the switch is closed, as shown 
in Fig. 4-6. This shows that 
the current does not immedi- 
ately jump to its full value when the voltage is applied, but rises 
at a definite rate that gradually decreases as the final current 
value (determined by the resistance of the circuit) is approached. 
If a coil of only a few turns is used, the length of time to approach 
the final value of current would be very short (on the order of 



Fig. 4-5. The Magnetic Field of a Coil 
Carrying Current. 



Fig. 4-6. Transient Current Rise in an Inductive Circuit. 

0.00001 sec), but if many turns of low resistance wire are used 
with an iron magnetic circmt, the time to approach the final cur- 
rent value might be as much as several seconds. In the specific 
case shown in Fig. 4-6 it required 0.0056 sec to reach 0.632 of 
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the final current value, as is shown by the 1000-cycle timing wave 
at the bottom of the oscillogram. 

If the Ri drop is plotted against time it will follow the same 
sort of curve as the current. There is, therefore, a difference 
between the impressed voltage and Ri drop. This difference, 

indicated by the shaded area of Fig. 
4-7, is called the voltage of self- 
induction. It is labeled as Bl, since 
lower case e is used to represent 
instantaneous voltage and L is the 
usual symbol for inductance. 

Inductance 

This voltage of self-induction, or 
counter-voltage as it is sometimes 
called, is proportional to the rate at 
Fig. 4-7. Energy Storage in an which the current is increasing, 
Inductive Circuit. which is proportional to the rate of 

change of flux in the coil. This leads to the definition of unit 
inductance: 

A coil of wire has an inductance of 1 henry if a current change 
of 1 amp I sec will cause a potential difference of 1 v to be produced 
in the coil. 

The voltage of self-induction may now be stated mathemati- 
cally as 

, di 



e = 


dt 


where e is in volts, L is in henries, i is in amperes, and t is in 
seconds. The negative sign indicates that the voltage produced 
is in a direction that opposes the change of current. 

The magnitude of the voltage produced in a coil by a certain 
rate of change of flux was previously given as 

ds 

10 -«. 

dt 


The direction of this voltage is negative, since it tends to oppose 
the positive flow of current. It may therefore be more correctly 
written 

d(b 

e=-V^10-» 
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If these two equations are combined, then 

-L%= 10-*, and L == lO"* 

at at at 

This last equation shows that the inductance is proportional 
to the product of the turns and the rate of change of flux with 
current. Inductance is, therefore, dependent upon the number 
of turns and upon the characteristics of the magnetic circuit 
linking the turns. This permits the calculation of the induct- 
ance of many coils having an iron circuit with an air gap if the 
reluctance of the iron is small in comparison to the reluctance 
of the air gap. 

Example. Determine the inductance of a coil of 5000 turns wound 
on the magnetic circuit of Fig. 2-5. Assume that the current is limited 
and that the flux density is such that the reluctance of the iron may 
be neglected. 

Solution: It was determined in the example on p. 35 that a flux 
of 20,000 lines would recjuire an air-gap magnetomotive force of 1500 
ampere-turns. The current required to produce this is 

1500 ^ 

^0 = 0-300 amp. 


The inductance then is 


A<6 20,000 

Z. = iv^l0-* = 5000^10-* = 3.3h.* 


Exercise 4-1. Determine the inductance of a coil of 2500 turns 
wound on the magnetic circuit of Fig. 2-5. 

Exercise 4-2. Determine the inductance of a coil of 250 turns 
wound on the core of the relay shown in Fig. 2-6. 

Exercise 4-3. Determine the inductance of a coil of 1000 turns 
wound on the core of the relay shown in Fig. 2-6 if the air gap is 
reduced from J to 0.02 in. 

Exercise 4-4. On the magnetic circuit of Fig. 4-8, composed of 
transformer sheets, how many turns of wire would be required to give 
an inductance of 1 h? If half of the area in the window of the mag- 
netic circuit can be used for copper (the other half being required for 
insulation), what is the largest size of wire that may be used? 


* Note. The magnetomotive force necessary to force the flux through the iron 
portion of the circuit would reduce this value somewhat as the knee of the satu- 
ration curve of the material was approached. 
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Fig. 4-8. The Magnetic Circuit for Exercises 4-4 and 4-5. 

Exercise 4-6. What inductance would 3000 turns of wire give 
on the magnetic! circuit of Fig. 4-8? How much current can the coil 
carry before saturation of the iron circuit causes 10 per cent reduction 
in inductance? 

Enersy stored in a masnetic field 

In the circuit of Fig. 4-5 it may be noted that the energy 
supplied to the circuit is not entirely accounted for by the heat 
generated in the resistance of the coil. The difference is energy 
supplied to the inductance during the time of building up the 
current to its final value. This energy is not dissipated but is 
stored in the magnetic field and is returned to the circuit when 
the field disappears. 

The magnitude of the energy stored may be obtained by 
integrating the instantaneous power supplied to the inductance, 
multiplied by the time differential as follows: 

00 00 t- oo 

W = = j = 

t=0 1=0 t=0 

The incremental element dt cancels out of the equation, and 
leaves i as the variable. The limits of integration from the 
previous paragraph are z = 0 and i = I, thus 


/ 


di 

L-jidt 

dt 
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If the inductance and current are fairjiy large as in the case 
of the field circuits of electrical machines, an appreciable amount 
of energy is thus stored in the circuit. The mechanism by 
which this energy is returned to the circuit is through the gen- 
eration of a voltage in the coil tending to cause the current to 
continue to flow in the coil. This voltage is proportional to the 
rate of change of flux linkage as stated on p. 62. If an effort 
is made to open an inductive circuit suddenly, then the flux 
must collapse very rapidly and since the rate of change of flux 
is great, the corresponding voltage is high. This phenomenon 
is analogous to inertia in mechanics. When a heavy body has 
attained considerable speed, to stop it suddenly produces disas- 
trous results, as demonstrated by many autos that have hit 
trees or telephone poles. Similarly, comparatively low-voltage 
circuits having high inductance can also be dangerous, as some 
students have learned when opening the field circuit of a 
medium- or large-sized generator or motor. 

Exercise 4-6. How much energy would be stored in the magnetic 
field of a generator having an inductance of 15 h and carrying a current 
of 50 amp? What voltage would be produced if the current is reduced 
to zero in 0.01 sec? 

Mutual inductance 

Self-inductance has been defined as that characteristic of a 
coil by which a change of current in the coil produces a voltage 
within itself because of the corresponding change of flux link- 
ages of the coil. When coils or wires are so located that a change 
of current in one circuit will cause a change of flux linkage in a 
second circuit, they are said to have mutual inductance. The 
coil or circuit in which the current is changing (the source of the 
flux variation) is called the primary circuit, whereas the second 
coil in which the flux linkage is changed and voltage is produced 
is known as the secondary circuit. 

Mutual inductance is measured in the same units as self- 
inductance. Thus, when a rate of change of 1 amp I sec in the 
primary coil will produce 1 v in the secondary coil, the two coils 
are said to have 1 henry of mutual inductance. 

Voltages generated by motion. The flux linkage in a coil 
may be changed not only by an increase or decrease in the 
magnitude of the magnetic field but also by a movement of the 
coil with respect to the field. This is indicated in Fig. 4-9 
where a single-turn coil is moving across a uniform magnetic 
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field perpendicular to the plane of the paper with a velocity v. 
The length of conductor that is perpendicular to the direction 
of movement is 1. The magnetic field has a flux density B. 

The dots represent a uniform magnetic field perpendicular 
to the plane of the paper and of flux density B 


J—i-© 


H-ds 


V 


Fig. 4-9. The Generation of Voltage by the Movement of a Conductor across a 

Magnetic Field. 

The voltage generated by the movement of the single-turn 
coil is 

e = ^ IQ-* volts. 
dt 

The change of flux in time dt is equal to the flux density multi- 
plied by the differential area traversed as 

ft A 

e = B — 10~* volts. 
dt 

The area traversed is the length I times the differential of dis- 
tance moved or 

fj q 

e = Bl^ 10-s volts. 
dt 

Also the differential of distance with respect to time is veloc- 
ity, so 

e = Blv 10“* volts. 

Since nearly all commercial electrical power is produced by 
the movement of electrical conductors (or coil sides) through 
magnetic fields, this equation for voltage is exceedingly impor- 
tant. In most electric generators the movement of the con- 
ductors is perpendicular to the flux, but in the few cases where 
the movement is not perpendicular it is only the component of 
velocity perpendicular to the field that produces voltage. 
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An illustration of this principle is shown in Fig. 4-lOa, which 
shows a single-loop coil rotating in a uniform Inagnetic field with ■ 
the voltage taken off from slip rings. The geometry is shown 
more accurately in Fig. 4-lOb, whi'*h shows that the velocity v', 
which is perpendicular to the field, is equal to the peripheral 



(b) 

Fig. 4-10. The Generation of a Sinusoidal Voltage by a Coil Kotating in a Uniform 

Field. 

velocity v multiplied by the sine of the angle 0, thus 

v' = V sin $. 

If the coil is rotating at a uniform angular velocity, then the 
voltage generated in the coil by each coil side is 

c = Blv sin 6 X 10~® volts. 

This is an alternating voltage of a form which will be studied 
later. 



CHAPTER 5 


Direct-Current Generators 

Fundamentdl physical relations 

The theory of d-c generators and motors is based on the 
relationships between electrons in moving conductors and mag- 
netic fields that have been described in previous chapters. In 
d-c machines electron movement in a magnetic field is produced 
in one of two ways. In the first case to be considered, the elec- 
trons in a wire are moved physically across a magnetic field and 
the electric force exerted on the electrons drives them to one end 
of the conductor, producing a difference of potential, or voltage, 
between the ends of the conductor, as indicated in Fig. 5-1. 


V 



Fig. 5-1. Voltage Produced in a Conductor Which Is Moving across a Magnetic 

Field. 

The magnitude of the voltage is proportional to the velocity, 
the strength of the field, and the length of the conductor in the 
field thus, 

e = Blv 10~* volts 

where B is in lines per square inch, I is in inches, and v is in inches 
per second. In the second and related case, a voltage is applied 
to a conductor and there results an electron drift or electron 
movement in the conductor in the form of an electric current. 
The force exerted on the electrons results in a sidewise thrust 
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on the wire, as indicated in Fig. 5-2. The magnitude of thfe 
force is equal to ' 

F = 8MBII 10-* lbs 


where B is in lines per square inch, I is in inches, and I is in 
amperes. 



Fkj. 5-2. Force Exerted on a Conductor Which Is Located in a Magnetic Field 
and Carries Electric Current. 


V 



Fig. 5-3. Relation of Velocity, Electromotive Force, and Magnetic Field in a 

Generator 

In generators and motors both conditions occur simultane- 
ously since in both, conductors are moving across magnetic 
fields and these same conductors have currents flowing in them. 


F 



Fig. 5-4. Relation of Velocity, Electromotive Force, Current, Force, and Mag- 
netic Field in a Motor. 
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In the generator the current flows in the same direction as the 
voltage generated and produces a force opposing the direction 
of motion, as shown in Fig. 5-3. This means that the generator 
must be driven against the electromagnetic force by an external 
mechanical force. In the motor, as shown in Fig. 5-4, the cur- 
rent flow is opposed to the direction of voltage generation and 
the force of the conductor is in the same direction as the velocity 
and will maintain its own motion. 

The Gramme-ring t 3 rpe d-c generator. In order that the 
construction of d-c machines may be studied more effectively, 
it is necessary to have a preliminary knowledge of how the 
various parts function in the production of voltage. In Fig. 
5-5 a very simple form of d-c generator, known as the Gramme- 



ring type, is shown diagrammatically. In this generator a hol- 
low cylindrical ring composed of laminated sheets of iron is 
mounted on bearings so that it can rotate between two mag- 
netic poles. The flux enters the ring at the north pole and 
leaves the ring at the south pole. An insulated copper wire is 
wound around the iron ring as shown in the diagram. Each 
turn* is connected to an insulated copper bar mounted in an 
assembly (shown in the center of the diagram), called the com- 
mutator. The commutator is composed of a number of tapered 
copper bars separated from each other by mica insulation, 
clamped together, mounted on the shaft, and machined to form 
a smooth cylindrical surface. Such a commutator assembly for 
a commercial machine is shown in Fig. 5-11. Carbon blocks 


* For higher voltage machines every other turn, or possibly every fourth or 
tenth turn, may be connected to the commutator bar. Any integral number may 
be used, but the winding should be entirely symmetrical. 


Chap. 5] DIRECT-CURRENT GENERATORS 73 

called brushes are held against the outside si^rface* of the com- 
mutator on opposite sides as shown in Fig. 5-5. 

When the armature is rotated, the conductors on the outside 
surface cut the flux under the poles and a voltage is produced. 
If the rotation is counterclockwise, the conductors under the 
north pole produce a voltage out of the page. Each of these 
voltages is added to the other so that the difference of potential 
between the brushes is the sum of the voltages produced by all 
of the conductors on that side of the armature. The voltages 
generated by the conductors under the south pole are into the 
page, and these will also be additive, so that the difference in 
potential is the same as it was for the side under the north pole. 
The direction of current flow will thus be from the negative 
brush, into the machine, and then out of the positive brush for 
both windings. 

A study of the diagram shows that the rotation will change 
the position of the individual conductors on the surface of the 
armature but will not alter the voltage generated with respect 
to the brushes. This is a d-c generator. 

When the brushes are connected to an external circuit, a cur- 
rent will flow through the external circuit from the positive to 
the negative brush, and the same current will flow from nega- 
tive to positive within the machine, dividing equally between 
the two sides of the machine. The currents in the windings 
flow in the same direction as the voltage generated, so that the 
force produced by the conductors is opposed to the motion of 
the conductors and tends to cause the generator to slow down. 
This set of forces must be overcome by the torque of a driving 
motor or engine, usually called the prime mover. The prime 
mover supplies the mechanical energy that is converted to elec- 
trical energy in the generator. These relationships may be 
shown by an example. 

Example. The laminated iron ring of Fig. 5-5 has an outside 
diameter of 6 in., an axial length of 4 in., and is rotating at 1800 rpm. 
It is wound with 100 turns of wire uniformly spaced. Each pole 
produces a flux density of 40,000 lines/in.* and has a pole arc or 
peripheral length of 5 in. (a) What is the voltage generated? (b) If 
the generator delivers 10 amp to an external circuit, what must be 
the torque of the prime mover? 


* Note; In order to simplify the drawing, the brushes in the diagram are shown 
pressing against the inside of the commutator. This is electrically equivalent but 
not mechanically feasible. 
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Solution: (1) Determine the voltage produced by a single conductor 
which is under the pole face. 

V = T X diameter X rps = Gt 

60 

= 566 in. /sec 

Z = 4 in. 

B = 40,000 lines/in.2 

e = BlvX 10”» = 40,000 X 4 X 566 X 10-^ 

= 0.91 volts. 

(2) Determine the number of conductors in series that are under 
the pole and are producing voltage. 

pole pitch = ^ = 9.45 in. 

Zi 

The portion of the total series conductors that are active is the 
ratio of pole arc to pole pitch, or 5/9.45. 

There are a total of 100 conductors, half of which are in series 
under each pole. 

The active series conductors are therefore 


“ X 

(Since this indicates a ratio only, the decimal may be retained.) 

(3) The voltage generated is the product of the active conductors 
and the voltage per conductor. 

E = 0.91 X 26.5 = 24 V (Ans,) 

(4) Determine the force on a single conductor. The current in 
each conductor, being one half of the current delivered, is 5 amp. 

F = SMBU X 10 -» 

= 8.84 X 40,000 X 4 X 5 X lO”*® 

= 0.071 lb. 

(5) The number of active conductors is again 26.5 per side, or 
53 for the entire periphery. Therefore, the tangential force is 

F = 53 X 0.071 = 3.76 lb. 

(6) The torque is the product of the force and the lever arm, which 
is 3 in. 

Torque = 3 X 3.76 = 11.3 in.-lb. (Ans.) 

Exercise 6-1. Make the same determination as above when the 
outside diameter of the ring is 8 in. and the length is 5 in. Assume 
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that the pole arc is -f of the pole pitch, that flux density remains at ^ !' 
40,000, and that the current delivered is 20 amp, ' ' 

Construction of commerical machines 

There have been a few direct-current machines built in form 
similar to the one shown in Fig. 5-5. The design is not efficient, 
however, and other types have now superseded this design. In 
Fig. 5-6 a drawing is shown of a modern four-pole machine. 



Fig. 5-6. D-C Machine Showing the Magnetic Circuit and Field Windings. 


A cylindrical rotor made of laminated steel punchings, with 
the armature conductors placed in slots, rotates within a frame 
composed of electromagnets. The chief structural element of 
the machine is the yoke, which usually is formed of heavy rolled 
steel stock. It supports the pole pieces and acts as conductor 
of magnetic flux from one pole piece to another. The pole 
pieces are made of steel laminations which are stacked and 
riveted together to form a solid block, as shown in Fig. 5-7. 
These pole pieces are bolted to the yoke and support the field 
coils, which usually have many turns of small wire. The field 
coils are connected in series. They are then connected to the 
main terminals of the generator through a control resistance or 
, rheostat. Such an arrangement of field coils is called a shunt 
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fiM because the coils are shunted across the generator termi- 
nals. This is shown in Fig. 5-8, which shows in diagrammatic 
form how the electrical connections are made to various ele- 



Fig. 5-7. Main Field Coil and Pole, and Spring Pads, for Shunt- Wound Stabilized - 
D-C Motor, 50 hp, 850 rpm, 230 v. 


ments of a d-c generator. The main current of the generator 
is conducted through a few turns of wire wound around the main 
field poles and also around some narrow poles between the main 

poles called interpoles or com- 
mutating poles. The function of 
these commutating poles will be 
explained later. The rotor is 
formed of thin steel sheets or 
laminations which are punched 
to the proper shape and stacked 
to form a steel cylinder with.* 
slots running axially along the 
surface. These slots are usually 
straight sided in the larger ma- 
chines, in order that form-wound 
coils similar to those in Fig. 5-9 
may be laid into the slots. The tips of the teeth are notched so 
that a hard wood or fiber wedge may be used to hold the armature 
coils in position. In construction, the armature core, as the lami- 
nated steel assembly is called, is pressed on the shaft. The com- 
mutator assembly is also pressed on the shaft. The preformed 
coils are then laid in the slots, wedged in position, and the ends of 
the coils are connected to the commutator, as shown in Fig. 5-10. 
The rotor is supported in bearings mounted, in most machines, in ^ 



Fig. 5-8. Conventional Representa- 
tion of Dynamo Connections. 
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a framework or end bell bolted to the yoke. , The end bell also 
supports the assembly of brush holders in which the carbon 
blocks or brushes are held. 

A series of views of the parts of the stator of a commercial 
machine are shown in Fig. 5-12 and will assist the reader in 
identifying the above parts of the machine as they are found 
in an actual manufacturing design. Fig. 5-13 shows a view of 
the assembled motor. 



Fig. 5-9. Five Armature Coils for D-C Motor or Generator. View Approxi- 
mately One-sixth Size, Showing Successive Steps in Molding and Insulating. 


Armature windinss 

The manner in which the coils are placed in the slots on the 
surface of the armature is shown in Fig. 5-10. The method of 
connection to the commutator is also shown. In a photograph, 
however, it is very difficult to trace the circuit, and so a devel- 
oped armature-winding diagram such as that in Fig. 5-14 is used 
to illustrate one of the common types of direct-current armature 
windings. It also illustrates a common form in which the wind- 
ing specifications are supplied to the shop and repair man. 
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In this diagram the winding is unrolled or flattened out so 
that the connections and circuits are easily followed. The 
brushes are so located that they short-circuit the coil, which 
has coil sides between the poles. If the student follows the 
coils from the right-hand commutator bar under the central 
negative brush of the diagram in the direction of the arrows, he 
will eventually come to the positive brush after traversing ten 
active conductors all producing voltage in the direction in which 
the circuit is being traced. Thus the voltage between the nega- 
tive and positive brushes is equivalent to the sum of the ten 



Fig. 5-1 Oa, Unwound Revolving Armature for D-C Motor or Generator. 



Fig. 5-lOb. Revolving Armature for D-C Motor or Generator in Process of 
Being Wound, Showing Coils with Half in Slot Bottom, and Other Half Ready 
to Be Placed in Slot Top. 
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conductor voltages. If now the student will follow the circuit 
in the opposite direction from the same negative brush he will 
find that he again traverses ten conductors all producing 
voltage in the direction of the tracing before he reaches the 
positive brush at the left of the diagram. Since the machine 
is symmetrical, this voltage is the same as the other voltage, and 
so the two positive brushes may be connected. Two additional 
circuits, both having the same voltage, will be found leading 
away from the negative brush at the right of the diagram. 
Thus there are four parallel circuits within the machine leading 
from the negative terminal to the positive terminal. With this 


1 



Fig. 5-lOd. Completed Revolving Armature with Fabricated Steel Fan for 
D-C Motor or Generator. 



Fig. 5-11. Construction of a Typical Commutator for a D-C Motor. 
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type of winding, which is known as a lap winding, there are as 
many parallel paths as there are poles. An eight-pole machine, ' 
for instance, would have eight parallel paths, two leading from 
each set of negative brushes. There are also as many positive 


Fig. 5-12c. Wound Stationary Field for Shunt-Wound D-C Motor. 

brushes as there are pairs of poles and a similar number of 
negative brushes. For simplicity, the diagram shows a single 
conductor for each coil side. Coils of several turns are often 
used instead of the single-turn coil, in order to obtain the desired 
terminal voltage. The manner of connection is, however, the 
same as if the coils had but one turn. 
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Although the above type of winding is a common one, other 
types are in extensive use. All of these windings are arranged 
so that the voltages generated by the conductors under the pole 
faces add to produce the final voltage between the brushes. 



Fig. 5-13. Ball-Bearing Adjuistable-Speed D-C Motor, 25 lip, 500/1500 rpin, 

230 V. 


Generated voltase 

The computation of generated voltage and torque for a 
machine of this type follows the same procedure as with the 
simple ring winding previously calculated. 

Example. In a four-pole machine such as is illustrated in Fig. 5-12 
the armature is 10 in. in diameter, 8 in. long, and has 40 slots and 
commutator bars. The pole is 8 in. long and the pole arc is 6 in. 
The flux density is 45,000 lines per square inch, and the armature is 
driven at 2000 rpm. (a) How many turns are required in each arma- 
ture coil to obtain 230 v at the terminals? (b) What is the torque of 
the prime mover when the machine is delivering 300 amp? (c) What 
is the horsepower input? 
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Fig. 5-14. Lap Winding for a Four-Pole Machine. 


Solution: (1) Determine the voltage generated by a single con- 
ductor. 

e = Blv X 10“* 

= 45,000 X 8 X lOir X -ir X 10"* 

= 3.78 V. 

(2) Determine the number of series conductors required. 

Active series conductors needed = 230/3.78 = 61. 

Total number of series condu(*tors needed is equal to active series 
conductors multiplied by the ratio of pole pitch to pole arc 

(107r/4) 

= 61 X = 80. 

6 

(3) Determine the number of turns per coil. 

There are as many coils as slots; therefore there are 40 coils. 
Since there are four parallel paths, the number of coils in series is 10. 
There are 2 conductors per coil per turn, so that each turn provides 
20 series conductors. The turns required are therefore 

= 4 turns per coil. (Ans,) 

(4) Determine the force on a single slot. 

There are 8 conductors per slot (two coil sides in each slot). Each 
conductor carries ^ of the total current. 
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F = SMBII X 10-* lb 

= 8.84 X 45,000 X 8 X ^ X 8 X 10-* 

= 19.1 lb. 


(5) Force due to all active slots: 

Active slots = total slots X 


pole arc 
pole pitch 


= 40 X 0.763 = 30.4 
Tangential force = 30.4 X 19.1 = 580 lb. 

(6) The torque is equal to the tangential force times the radius. 
Torque = 580 X A = 242 Ib-ft. (Ans.) 


(7) The horsepower input is 


hp 


2w torque X rpm 
33,000 


= 2tX 242 X 


2000 

33,000 


92. 




Exercise 6-2. What would the voltage be if the flux density in 
the above example were cut to 35,000 lines per s(| in.‘^ 

Exercise 6-3. What would be the effect on the torcjue of reducing 
the flux density to 35,000 lines per sq in., if the current remained 
the same? 


Exercise 6-4. What would be the effect on the voltage if the rpm 
were reduced 20 per cent? 

Exercise 6-6. What would be the effect on the torque if the rpm 
were reduced 20 per cent (assuming that the current and the flux 
remain constant)? 

Exercise 6-6. (a) Compute the terminal voltage for a machine 

similar to that in the example above but with the following changes. 


Armature diameter 
Armature length . . 
Armature slots 
Turns per coil ... . 

Flux density 

Pole arc 

Speed 


7 in. 

4 in. 

36 slots 
4 turns 

40,000 lines per sq in. 
3.5 in. 

1200 rpm 


(b) Determine the torque and horsepower input required to drive 
this generator when it is delivering 200 amp. 

The above example and exercises emphasize that for any 
given machine the voltage is affected primarily by the flux 
density and the speed. Thus, if it is desired to control the 
voltage of a constant-speed generator, it is usually done by 
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var3dng the flux. This is normally accomplished by varying 
an external resistance in the circuit of the shunt field. A 
change in speed will also change the voltage generated. This 
characteristic is particularly important in the study of the 
operation and characteristics of the d-c motor. 

The torque depends upon flux density and current flowing 
in the armature. When current is drawn from the generator, 
the energy represented by the product of the current and 
voltage is taken from the prime mover. Except for internal 
losses, the mechanical input and electrical output are equal. 

Commutation 

Although a brief explanation of the function of the com- 
mutator has been given, a further study is necessary, since the 
proper adjustment and maintenance of brushes and commu- 


75 Amp 






Time 





— 75 Amp 

Fig. 5-15. Instantaneous Current in an Individual Coil of a D-C Generator or 

Motor. 


tator are very important to the satisfactory operation of d-c 
machinery. 

In the machine used for the example on page 59, each 
conductor carries 75 amp. The diagram of Fig. 5-15 shows 
that the current in a single coil reverses each time the coil passes 
a brush. This diagram shows the current changing instan- 
taneously from plus 75 to minus 75 amp. This, of course, is 
impossible, as the inductance of the coil will not permit instan- 
taneous changes of current. Actually, the current must reverse 
during the short time that the coil is short-circuited by the 
brush. If the brush width is equal to the width of one com- 
mutator bar, then the time during which this change of current 
occurs, in the machine of the example, is of a revolution. 
This is 0.00075 sec. The rate of change of current is 




150 

0.00075 


= 200,000 amp per sec 
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The inductance of such a coil would normally be about 0.03 
millihenry. Even with this small inductance, however, a react- 
ance voltage amounting to 6 v will be generated if an average 
rate of change is maintained. 

It is customary to use carbon blocks or brushes as the con- 
nection to the commutator. The comparatively high resistance 
of these brushes (the voltage drop between the commutator and 
brush is usually about one volt and is quite constant with vary- 
ing current) tends to maintain uniform current density over 
that portion of the commutator in contact with the brush. 
The change in the brush-contact area during commutation 



Fig. 5-16. Actual Coil Currents During Commutation: a, correctly adjusted, 
/>, undercommutated, c, overcommutated. 

causes satisfactory current reversal in the coil as long as the 
reactance voltage does not greatly exceed the one-volt brush 
drop. For higher reactance voltages, however, such as in the 
example above, other methods must be used. 

In nearly all modern machines a voltage is introduced in 
the coil undergoing commutation which is approximately equal 
to the reactance voltage. This is done by placing narrow poles 
called inter poles or commutating poles between the main poles. 
These are excited by a series winding so that the flux and there- 
fore the voltage is proportional to the armature current. These 
interpoles are shown in Fig. 5-6. With these interpoles the 
current changes almost uniformly with time, as shown in curve 
a of Fig. 5-16. Without the interpoles, the change would 
follow curve 6, and severe sparking would occur when the coil 
left the brush. If an excessive commutating voltage is intro- 
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duced, it is possible to cause the current not only to reverse 
but also to overshoot, and then sparking may also occur. It 
is important, therefore, that the commutating voltage be of the 
correct magnitude. 

When the armature current is small, only a small reactance 
voltage develops, and so only a small commutation voltage is 
needed. The series winding on the interpole provides this 
variable voltage automatically. Minor deviations are absorbed 
in the brush-contact drop. 

Excitation 

Most systems supplying d-c power operate on the basis that 
a constant voltage will be maintained between the power lines. 
It is then possible by connecting equipment across these lines 
to draw from them such power as is needed. Since constant- 
voltage systems do predominate, the generator that supplies 
this voltage will be given primary consideration. 

If the generator is excited by a shunt field such as has been 
described in the previous paragraph on the construction of d-c 
machines, it will give approximately constant voltage. This 
is true because the field coils are connected across the constant- 
voltage terminals and this holds the magnetizing force and field 
flux constant. With the armature rotating at constant speed, 
the conductors will cut the flux at constant velocity and the 
voltage will be approximately constant regardless of the magni- 
tude of the armature current that supplies the load. 

Ma3netization curve 

Since the magnetic circuit is made up largely of iron, the 
relation between generated voltage and field current assumes a 
curve similar to the magnetization curve for iron. Such a 
curve is shown in Fig. 5-1 7 (a), where field current is plotted as 
abscissa and terminal voltage as the ordinate. This is called 
the magnetization curve of the generator. It is noted that this 
curve does not start from zero, as there is a small amount of 
residual magnetism in the iron, from its previous use. 

Self-excitation of a shunt senerator 

Since a shunt generator depends upon its own voltage to 
produce the field current, and since there can be no appreciable 
voltage without field current, the manner of simultaneous devel- 
opment of field current and armature voltage is of interest. 
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Fig. 5-1 7(b) shows the amount of field current resulting from 
any given armature voltage and is often called the field resistance 
line. The solid line which is of primary interest represents this 
relation when no external resistance is inserted in the field 
circuit. When this curve is combined with the magnetization 
curve, which has the same coordinates, the basis of Fig. 5-17 (c) 
is obtained. When the prime mover drives the generator at 
rated speed, a small voltage due to the residual magnetism is 




Magnetization 

Curve 


Field Resistance 
Lines 


“Building Up" of 
Shunt Generator 


(a) 


(b) 


(c) 


Fio. 5-17. 


obtained as shown at r. This voltage causes a small current 
to flow in the field, which then causes an increase in voltage 
which causes more current, and so on, as indicated by the steps 
in the diagram. This process, known as building up, will con- 
tinue until the two curves cross at s. If there is considerable 
external resistance in the field circuit, the field current for a 
given voltage will be much reduced, as shown by the dashed 
line in Fig. 5-17(b). When this curve is placed on the magneti- 
zation curve, it is evident that tlie voltage will not build up. 
It is important, therefore, when starting a d-c generator, to be 
sure that the field resistance has been removed from the circuit 
so that it will build up quickly. 

D-c generators that have been installed and operating will 
usually cause no trouble in building up if the field resistance is 
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reduced to zero and if the normal rotational speed is maintained. 
In new installations, several additional possibilities of difficulty 
exist. If the direction of rotation is reversed, then the residual 
voltage will cause field current which will oppose instead of 
aid the residual magnetism. This same effect is caused by 
reversed field connections in assembly after shipping or after a 
disassembly for repair. Either of these may be corrected by 
reversing the direction of rotation or by reversing the shunt- 
field connections. Occasionally, after considerable vibration 
during shipment, the residual magnetism has been so reduced 
as to be ineffective. This can be remedied by placing a storage 
battery in the field circuit to aid in producing the field current. 
The battery will act in the same manner as the residual flux, 
and so is subject to the same possibilities of difficulty, if the 
polarity of its connection is wrong. After the voltage has built 
up once, the battery may be removed and the machine should 
build up by itself. 

Armature reaction 

Although the flux in a shunt generator will continue to be 
approximately the same magnitude regardless of the load sup- 
plied, the load currents 
flowing in the armature do 
produce magnetomotive 
forces which in a small 
degree affect the voltage 
generated. The magnetic 
effects of this armature 
reaction are shown in Fig. 

5-18. In the lower right 
portion of the machine, 
the magnetic effect of the 
armature conductors alone 
lias been shown. Here it 
is seen that the effect is to 
cause flux to flow into the 
pole on one pole tip and 
out on the other pole tip. 

When this flux is com- 
bined with the flux of the 
main poles produced by the shunt field, the effect is to concen- 
trate the flux in the trailing pole tip instead of having it uniformly 



Fig. 5-18. Field Distortion Caused by Arma- 
ture Reaction. 
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distributed. This is shown in the upper left portion of the 
machine. This effect has a tendency to reduce the over-all flux 
somewhat, since the extra flux obtained in the trailing pole tip is 
not as great as the reduced flux in the leading pole tip. This re- 
duction is caused by the saturation of the armature teeth where 
the flux is concentrated in the trailing pole tip. 

In large machines, subject to sudden changes in load, this 
concentration of voltage across particular coils and commu- 
tator bars may cause them to arc across the mica insulation of 
the commutator. When one of these small arcs occurs, it is 
likely to be progressive and to cause a short circuit from brush 
to brush, which usually damages the machine. In some large 
machines it is common practice, therefore, to place fixed con- 
ductors in the pole face. These conductors are in series with 
the load and their magnetomotive force will neutralize the 
magnetomotive force of the armature. Such windings are 
called compensating windings or compensating fields. Since 
the addition of these windings is expensive, they are omitted 
in machines that do not require the improved operating charac- 
teristics obtained with them. 

Voltase characteristics 

The voltage of a shunt generator is reduced slightly as the 
load is increased. This reduction is caused by the following 



Fig. 6-19. The Load-Voltage Characteristic of a Shunt Generator. 
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cumulative effects. First, there is a resistance drop in the 
armature and brushes, which increases with load and is sub- 
tracted from the generated voltage. Second, the armature reac- 
tion distorts the field, which reduces the total flux being cut. 
The voltage reduction produced by these two causes reduces 
the voltage across the shunt field so that the excitation is reduced 
and this still further reduces the terminal voltage. These 
effects are not excessive as long as the load does not go beyond 
the rated value, but at higher values of load they cause a rapid 
decrease in voltage. This is shown in Fig. 5-19, where a normal 
load-voltage characteristic is plotted for a shunt generator. 
Such a dropping characteristic is not entirely satisfactory. 
It gives a reduced voltage at the generator terminals when the 
line drop is a maximum, and so the ideal of a constant voltage 
at the load is not obtained. In order to overcome this drop in 
voltage, a few turns of a series winding are placed upon the main 
poles to give additional magnetomotive force as the load is 
increased. A generator with such a winding is called a com- 
pound generator. These windings are shown in the drawing 
of Fig. 5-6 and are used on many machines. When only 
enough series-field turns are used to raise the full-load voltage 
to no-load voltage, as shown in Fig. 5-20, the machine is said 
to be fiat-compounded. When sufficient series field is used to 
raise the voltage at full load above that at no load, the generator 
is said to be overcompounded. 



Fi(}. 5-20. The Load-Voltage Characteristics of Compound Generators. 
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Voltase resulators 

Compound generators do not maintain the voltage absolutely 
constant, although the variations are usually not large. In 
order to obtain a more constant voltage, regulators are used to 
adjust the current in the shunt field. Most modern voltage 
regulators consist of field rheostats that are varied by some form 
of solenoid or torque motor which operates against a spring. 
They are very sensitive, so that a small difference between the 
pull of the spring and the torque of the motor will make a large 
change in the field resistance. The torque on the motor (or pull 
in the solenoid) is proportional to the terminal voltage, and so a 
balance can be obtained between this pull and the spring tension. 
In this way a constant voltage can be obtained without the use 
of the series winding. 

Load limitations and rating 

Several limitations of the d-c generator have been mentioned. 
The effects of armature reaction and of commutation are two 
of these. With very careful attention to commutation and 
armature reaction in design, the machine can usually be made 
to handle heavy loads for short periods of time. If heavy loads 
are continued, however, they cause overheating in one or more 
parts of the machine, which will cause damage. The most, 
critical limitation is, therefore, the energy losses that cause 
heating. These include the losses involved in forcing a current 
through the armature and field against the circuit resistance, 
which are usually called I^R losses, since they are equal to the 
product of the current squared and the resistance. The energy 
losses also include the brush losses at the commutator, iron losses 
in the armature iron, and friction losses in the commutator 
and bearings. The machine is given a rating, which indicates 
the load that can be carried continuously without becoming 
dangerously hot. Usually this is assumed to represent a tem- 
perature rise above the surrounding air of 50° C. If, how- 
ever, special insulations are used, a higher temperature rise is 
permitted. 

This rating is based on the assumption of a temperature of 
the surrounding air of about 20° C or 70° F. If the equipment 
is used in much hotter surroundings, the load that the machine 
will carry satisfactorily is somewhat reduced. Likewise, if the 
equipment is being used in a cold climate, the load may be 
increased somewhat without damage to the machine. 
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Special senerators ^ 

The shunt and compound generators discussed above com- 
prise most of the generators that are used for the general supply 
of d-c power. In many cases, the terminal voltage of these 
machines is controlled by an automatic voltage regulator. 

Many power requirements need individual machine charac- 
teristics, and for these applications, special designs are made 
to supply the excitation in the proper form. One power load 
requiring special characteristics is arc welding. This load needs 
a current that is quite constant, even though the voltage varies 
considerably. Many different types of d-c generators have 
been designed to meet this need. 

A generator that is of considerable importance in the meas- 
urement of speed is one with a permanent magnet for the field. 
In such a machine, the no-load voltage is a direct measurement 
of the rpm of the rotor, and therefore it may be used as a 
tachometer. 



CHAPTER 6 


Direct-Current Motors 

From generator to motor 

Direct-current motors are identical in construction with d-c 
generators, and ordinarily the same machine may be used either 
as motor or generator. Because of this, practically all of the 
material of Chap. 5 is applicable to a discussion of d-c motors. 
The essential difference is in the direction of current flowing in 
the armature conductors. In the case of the generator, the 
armature is driven by a prime mover, and the current flow is in 
the direction of voltage generation. In the case of the motor 
the current flows in a direction opposite to that of voltage gen- 
eration and thus the force on the conductors, instead of retard- 
ing motion, is in a direction that will continue the motion. 

In order to demonstrate more effectively the difference 
between the operation of d-c generators and motors, an analysis 
of the shift from generator to motor action of a shunt machine 
will be made. Let it be assumed that a d-c shunt generator is 
being driven at 2000 rpm and that it is delivering its rated full- 
load current of 100 amp to a 250- volt d-c system being supplied 
also by a number of other generators. The armature resistance 
drop is assumed to be 10 v; therefore, the generated armature 
voltage must be 260 v. The power output of the machine is 25 
kw, and, therefore, the retarding torque on the armature is such 
as would produce this power at 2000 rpm. (An additional 
torque would be required of the prime mover to overcome fric- 
tion, windage, and other generator losses.) Let it be further 
assumed that other d-c generators are connected to the system 
so that, regardless of what is done to the generator under study, 
the d-c system voltage remains at 250 v. 

If the prime mover is a gasoline engine, let the throttle set- 
ting be lowered. This means a reduced fuel supply and, there- 
fore, a reduced engine torque. The engine torque would no 
longer be equal to the retarding torque of the generator, and it 
would slow down slightly. This might reduce the generated 

94 
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voltage tO' 255 instead of the previous 260 v. The armature 
current would be reduced to 50 amp because the terminal volt- 
age must still remain 250 and only 5 v are now available for the 
armature-resistance drop. This reduces the generator-retard- 
ing torque to one-half its previous value. If the prime mover 
can supply this torque, the generator will stabili2se at that point. 
If the prime-mover torque is greater than this 50 per cent value, 
the generator speed and voltage will increase, and the current 
will also increase until a point of equilibrium is reached. 

Now assume that the fuel supply to the prime mover is 
entirely stopped. The prime-mover torque will be reduced; 
the generator will slow down until the generated voltage is 250 ; 
thus no current will flow and no retarding torque will exist in 
the generator. But with the friction and windage and other 
losses in both generator and prime mover the speed will decrease 
still further, and as the speed decreases, the voltage of the gen- 
erator also decreases. Suppose it decreases to a value of 248 v. 
It is known that a value of 10 v of armature drop will produce 
100 amp of armature current. A 2-volt difference in voltage 
between line and armature-generated volts will, therefore, pro- 
duce 20 amp but in a direction of flow opposite to that when 
acting as a generator. When the current reverses, the direction 
of the torque also reverses, and now a torque equal to one-fifth 
of full-load generator torque is provided by the d-c machine in 
a direction tending to continue the rotation. The machine is 
now operating as a motor and is driving not only itself but the 
prime mover as well. The speed of the motor has in the mean- 
time been reduced from 2000 rpm to 

X 2000 rpm = 1910 rpm. 

If now the d-c machine is connected to a centrifugal pump 
instead of to the prime mover, it will still continue to run. If 
the load on the pump is increased, then a slight reduction in 
speed will occur until the generated voltage in the motor has 
been reduced so that an added armature current can flow and 
thus produce the necessary driving torque. The motor there- 
fore has a natural system for controlling the power taken from 
the line in order to maintain an almost constant motor speed. 

Motor-generated voltage 

The voltage generated in a motor is computed in the same 
way that it is in a generator. Since it opposes the flow of motor 
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current, however, it is sometimes referred to as the counter- 
electromotive force of the motor. It is proportional to the flux 
of the main poles and to the speed. Since the number of effec- 
tive conductors in series and the length of the conductors are 
fixed in any particular machine, 

= K<I>S 

where Em is the motor cemf, iC is a constant of the machine, <f> 
is the main field flux, and S is the speed in rpm. 

The motor-generated voltage added to the armature resist- 
ance drop must equal the impressed or circuit voltage. Thus 

Em + IJia = V 

where Em is the motor-generated voltage, is the armature cur- 
rent, Ra is the armature circuit resistance, and V is the impressed 
or circuit voltage. This relationship is very helpful in analyz- 
ing many motor problems. Except under starting conditions 
the armature circuit resistance is small, so the motor-generated 
voltage must be approximately equal to the impressed voltage. 

Exercise 6-1. A 10-hp 230-v 1200-rpm d-c shunt motor has a 
full-load current of 38 amp. The shunt field takes amp. What is 
the full-load motor-generated voltage if the armature resistance is 
0.4 ohm? 

Exercise 6-2. A 50-hp 230-v 1200-rpm d-c shunt motor has an 
armature resistance of 0.09 ohm. The full-load current is 180 amp. 
If the effects of armature reaction are neglected, what speed regulation 
may be expected from no load to full load? Why? 

Motor torque. The torque produced in a motor can be com- 
puted from the flux density, number and length of active con- 
ductors, and the current flow as was done for a generator in the 
example on p. 84. For any machine the number and length 
of conductors are fixed so that the motor torque is proportional 
to the product of field flux and armature current. Thus 

T = K'<i>Ia 

where T is the motor torque, <i> is the main field flux, is the 
armature current, and K' is & constant determined by the num- 
ber and length of active conductors. 

It is observed that in a shunt motor where the field flux is 
constant the torque is directly proportional to the armature 
current. 
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Motor commutation 

The commutating problem in a motor is the same as in a 
generator. The current in the individual coils must be com- 
pletely reversed during the time the coil is short-circuited by 
the brush. This is normally accomplished by the use of com- 
mutating poles just as in the generator. Since the current in 
the armature is reversed, the direction of the commutating volt- 
age must also be reversed, and this is automatically accont- 
plished since the field winding on the commutating pole is in 
series with the armature. No change in connections of the 
commutating pole winding is therefore necessary to change 
from generator to motor action. 

The change in load on motors is often more sudden than in 
generators, and the problem of high coil voltages produced by 
armature reaction, as discussed in Chap. 5, is more often critical. 
The use of compensating or pole-face windings is quite com- 
mon on motors used for blooming mills and other continually 
reversing motors. 

Speed-torque characteristics for shunt motors. In a motor 
one of the important operating characteristics is the variation 
of speed with load. In a shunt motor the field circuit is con- 
nected across the line, and as long as the line voltage remains 
constant, the field excitation also remains constant. 

If it is assumed that the field flux also remains constant, then 
the torque will be directly proportional to armature current. 
As the load changes, the armature current will change, and 
since 

Em = V - laRa 

the motor-generated voltage must change slightly in order to 
compensate for the change in armature resistance drop. This 
armature resistance drop varies from about 5 per cent in large 
d-c motors to about 10 per cent in small motors. A variation 
of from 5 to 10 per cent will therefore be required in the motor- 
generated voltage. 

Exercise 6-3. In a 10-hp 230- volt 1200-rpm d-c shunt motor with 
armature resistance of 0.4 ohm the full-load current is 38 amp. If the 
effect of armature reaction is neglected, determine the no-load speed 
at which the motor operates when the rated full-load speed is 1200 
rpm. 

Exercise 6-4. When drawing a full-load armature current of 
96 amp, a 230-v shunt motor runs at 1750 rpm. ‘ The armature 
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resistance is 0.16 ohm and the brush drop is constant at 2 v. It is 
desired to reduce the speed by adding resistance to the armature 
circuit, (a) How much resistance must be added to give a speed of 
800 rpm at full-load torque? (b) How much resistance to give 1200 
rpm at half of full-load torque? (c) What is the efficiency for each 
of these conditions? 

The generated voltage was shown previously to be 

/?„ = Kit>S. 

Since the field flux was assumed to be constant, the motor volt- 
age is directly proportional to speed, and therefore only a 5 to 
10 per cent drop in speed is normally expected of a shunt motor 
when full load is placed on it. Computations of these speed 
variations may be made on the basis of the above equations 
when the necessary line voltage, armature resistance, and arma- 
ture current are given. 

The actual performance of shunt motors is not quite so 
simple as outlined above because of the effects of armature 
reaction on the main field flux. As discussed in the chapter on 
generators, the effect of armature reaction is to concentrate the 
flux in one pole tip. In the case of the motor this concentration 
comes in the leading, instead of the trailing, pole tip. In either 
case, however, the effects of saturation tend to reduce the net 
field flux per pole. 

When the armature reaction reduces the field flux, two 
effects are obtained. In the first place, the armature current 
must be increased slightly to overcome the reduction in torque 
produced by the lowered magnitude of field flux. As far as 
speed is concerned the lowered value of field flux requires a 
corresponding increase in speed to obtain the necessary gen- 
erated voltage to limit the armature current. This effect tends 
to compensate for the effect of armature resistance drop in 
reducing the speed. 

The magnitude of the effect of armature reaction will depend 
upon the degree of saturation of the field circuit. In modern 
machines where maximum use is made of the magnetic mate- 
rials, the effect of armature reaction may not only completely 
neutralize the effect of the armature resistance drop on the 
speed of the motor, but may actually cause an increase in speed 
as load is applied to the motor shaft. Under conditions of over- 
load this increase in speed may become critical, and so it is 
customary to add a few turns of series winding to the main field 
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to hold the total field fiux constant or even increase it. Such 
a winding is known as a stabilizing winding. 

To summarize, therefore, the speed of a shunt motor is 
essentially constant, regardless of the load applied to the motor 
shaft. This characteristic is highly desirable for many types 
of loads, and so the shunt motor is extensively used where d-c 
power is available. 

Speed-torque characteristics of compound motors. For 

many loads it is desirable that the speed be reduced somewhat 
as the torque is increased. To obtain such a characteristic it 
is only necessary to operate the machine on a lower portion of 
the magnetization curve at no load and add some turns of series 
windings to the main field. The effect is similar to that of the 
stabilizing winding, but since saturation effects are negligible, 
a definite increase of field flux results with increase in load. 
Since the flux increases with load, a speed reduction is necessary 
in order that the motor counter-electromotive force may be 
reduced to a value that will allow the necessary armature cur- 
rent to flow. 

The speed reduction at full load may be controlled by the 
magnitude of the series field. Thus, it is possible to obtain a 
wide variety of speed-current curves, as is indicated in Fig. 6-1. 
If it is desired to reduce the full-load speed to f of the no-load 
value, a series field would be used of such a magnitude that the 
series ampere-turns at full load would be approximately 50 per 
cent of the shunt-field ampere-turns. (This is approximately 
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Fig. 6-1. Typical Speed-Current Curves of D-C Motors. 
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true since the saturation effects would tend to neutralize the 
effects of armature resistance drop on speed.) 

Exact computations of the design of compound machines 
are complicated by the interdependence of the various effects. 
It is often possible, however, to obtain approximate results by 
neglecting the effects of minor magnitude. 

Speed-torque characteristics of series motors. ' In certain 
types of loads, such as in electric railways and crane hoists, con- 
stant speed is not desired, but very large torque at low speeds is 
important. In such motor apphcations it is customary to omit 
the shunt-field winding entirely and use only the series-field 
winding. Such motors are known as scries motors. 

Since the field flux is proportional to armature current (at 
field values below saturation), the torque is proportional to the 
square of the armature current. 

If the effects of the armature resistance drop and of satura- 
tion are neglected, the speed may be said to be inversely pro- 
portional to the armature current. 



Fiq. 6-2. A Mill-Type D-C Motor for Use on Hoists, Cranes, and Other Heavy- 
duty Industrial Applications. 

The tendency of the series motor to increase in speed with- 
out limit as the retarding torque is removed makes it a very 
dangerous machine unless the motor is permanently connected 
to a load that will itself Unfit the speed. Its use is normally 
restricted to traction applications (that is, streetcars, electric 
locomotives, and suburban trains) and crane hoists, where the 
motor is permanently geared to the load and there is enough 


Chap. 6] DIRECT-CURRENT MOTORS 101 

residual load to adequately limit the speed. A typical motor 
for this type of service is shown in Fig. 6-2. 

Many small motors are wound as series motors. They may 
be used on either d-c or a-c, since the torque remains in the 
same direction when both armature and field are reversed. 
They are called universal motors and are often used on electri- 
cal appliances, such as vacuum cleaners and sewing machines. 

Starting of d-c motors 

The previous discussion of d-c motors has assumed that they 
were operating at normal speed and has considered the changes 
in speed with load in order that sufficient armature current 
would flow to produce the proper torque. In general, the arma- 
ture resistance drop is a small part (5 to 10 per cent) of the 
impressed voltage. 

When the motor is stationary, as at starting, there is no 
counter-electromotive force so the entire voltage must be 
absorbed in the laR drop of the armature circuit. Excessive 
armature currents would be damaging to both the motor and 
the power circuit, and so it is normal to limit the starting cur- 
rent to approximately twice full-load current. This limitation 
is largely determined by the ability of the commutator and 
brushes to handle only this amount of armature current with- 
out sparking. 

The motor current at starting is limited by a resistor inserted 
in the armature circuit. Sections of this resistor are then 
shorted out in sequence as the motor armature develops speed. 
The use of a starting resistor is common to all types of d-c 
motors, as indicated in Fig. 6-3. , In each of the diagrams the 
starting resistor is gradually shorted out by moving the lever 
from left to right. 

The action of the starter is such that since the current is 
limited only by the armature circuit resistance, a torque is pro- 
duced in excess of that necessary to overcome the shaft load. 
Therefore, the motor speeds up and develops a generated volt- 
age that reduces the net voltage and also the current. When 
this reduction has been achieved, part of the resistance may be 
cut out of the circuit, and the armature current will again 
increase. This process is repeated until all resistance has been 
removed from the rotor circuit. 

When the starter handle is moved all the way to the right, 
it is held by a small electromagnet which in a and c of the dia- 
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Fig. 6-3. Starter and Motor Connections for Shunt, Series, and Compound 

D-C Motors. 


gram is in series with the shunt-field circuit. In b of the dia- 
gram it is in series with the armature circuit. In case the 
power fails while the motor is operating, this coil releases the 
arm, which is thrown back to the starting position by a spring. 
Such a starting box is called a three-point, or three-terminal, 
starter. In many starters the electromagnet no-voltage release 
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Fig, 6-4. Compound Motor with Four-Terminal Starter. 


is connected across the line, as shown in Fig. 6-4. Such a 
starter is called a four-terminal starter. 

Speed control of d-c motors 

The speed of the direct-current motor may be changed with- 
out appreciably reducing the motor efficiency; therefore, it is 
often used for variable speed service. The key to variable 
speed operation lies in the equation for counter-electromotive 
force given previously. 

E„ = Kii>S, or S = K' 

where Em is the motor counter-electromotive force, JC is a con- 
stant of the machine, <p is the field flux, and S is the motor 
speed. 

From a study of this equation it can be seen that the speed 
will vary inversely with the magnitude of the field flux, and 
directly with the magnitude of the voltage impressed. Since 
it is easy to reduce the field flux by increasing the resistance of 
the field rheostat and thus cause an increase in the motor speed, 
this is the most common of the speed controls of d-c motors. 

If the field flux is maintained constant and the armature 
voltage is varied, the speed will vary in direct proportion. The 
armature voltage is often varied by inserting resistance in the 
power circuit as in starting. This method is applied most gen- 
erally to series motors on crane hoists. The armature voltage 
may also be varied by having a separate generator for the motor 
and controlling the generator voltage. This type of control. 






Fig. 6-5. General-Purpose, Adjustable-Speed, Reversing Magnetic Controller 
with Dynamic Braking, and Jogging. (Courtesy General Electric Co.) 

which is used on elevators and steelmill motors, is known as the 
Ward-Leonard control and will be described later. 

Adjustable-speed motors. An adjustable-speed motor is 
one in which the speed of the motor may be adjusted, but, once 
adjusted, this speed is held essentially constant with load. D-c 
shunt motors with field rheostats are adjustable-speed motors. 
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The limit of speed adjustment depends upon the design of the 
motor, although even general-purpose constant-speed motors 
may have their speed increased to twice rated value by intro- 
ducing a field rheostat. To increase the speed beyond this 
value may lead to mechanical failure caused by excessive cen- 
trifugal forces, or the decrease in field strength may lead to 
instability caused by armature reaction. 

Adjustable-speed motors are designed to withstand the 
increased centrifugal forces at the higher speeds. The effect of 
armature reaction becomes much more troublesome at the 
reduced shunt field magnetomotive forces required at high 
speeds. Special consideration is therefore given, in the design 
and construction of these motors, to minimize or neutralize the 
effects of armature reaction. This results in less change of 
speed with load, and prevents excessive concentration of volt- 
age on the commutator. As a result it is quite possible to 
obtain a motor with a four-to-one speed range (in special 
designs, six-to-one) that will operate at high efficiency at all, 
speeds. 

The power limitation in these motors is usually the armature 
heating. Since this is pri- 
marily dependent upon 
the armature current, this 
is a fixed limitation on the 
machine. If the impress- 
ed voltage is the same, the 
power delivered is essen- 
tially independent of the 
speed. The reduction in 
torque caused by the re- 
duction in flux (for con- 
stant armature current) 
will normally just com- 
pensate for the increased 
speed.* 

Exercise 6-6. A 15-hp, 

230- volt d-c adjustable-speed 
motor has a magnetization 
curve as shown in Fig. 6-6. The resistance of the shunt field measures 


* Where very wide range of speed is required, it is often desirable to use a 
standard adjustable-speed motor with field control in the higher speed range and 
with armature resistance control below the standard base speed. 



0 1.0 2.0 30 4.0 

Field omperes 


Fig. 6-6. Magnetization Curve for a 15-hp, 
230-volt, Adjustable-Speed Motor when Oper- 
ating at 700 rpm. 
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70 ohms and a field rheostat of 400 ohms is supplied, (a) If the arma- 
ture resistance drop is neglected, determine the speed range, (b) What 
is the speed range if an armature resistance drop of 15 v is assumed? 

Variable -speed d-c motors. Variable-speed motors are 
those that vary widely in speed with load. This applies to 
series motors and compound motors with strong series fields. 
In these motors a change in load torque produces a change in 
armature current, which, in turn, changes the field flux, and this 
requires a change in speed to obtain the proper motor-gen- 
erated voltage. Motors of this type have a very strong field 
for heavy loads, which gives maximum torque for a given arma- 
ture current on the basis that 

T = K'<l>Ia. 

Such motors are particularly useful, therefore, where variable 
loads occur and where constant speed is not necessary or desir- 
able. Typical variable-speed motor applications are for cranes, 
hoists, bridges, and streetcars. 

Where a fixed maximum speed is desired, the compound 
motor is used. Such loads as punch presses, shears, crushers, 
conveyers, etc., often call for compound motors. 

Exercise 6-6. A motor having a magnetization curve similar to 
that of Exercise 6-5 has a series-field magnetomotive force equivalent 
at full load to 2 amp of shunt-field current. It has a fixed shunt-field 
current of 1 amp, and the power supply is 240 volts. If the armature 
resistance drop is neglected, what is the no-load speed, the full-load 
speed, and the speed at 150 per cent load? 

Adjustable voltage control for d-c motors. For machines 
requiring a speed range greater than can be obtained by field 
control or for applications requiring frequent and rapid revers- 
ing, the adjustable voltage system of control is most satisfac- 
tory. In its simplest form this control system or drive consists 
of the following: 

(1) Shunt motor with separate field excitation. 

(2) Shunt generator with separate excitation and a rheostat 
or potentiometer for its control. 

(3) Exciter or source of constant-voltage direct current. 

(4) Driving motor for generator and exciter. These are 
shown diagrammatically in Fig. 6-7. 

By operating the rheostat in the generator field, it is pos- 
sible to vary the armature voltage over a wide range, often 
from the residual value to normal rated value, and with such 
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voltages across the motor armature a wi^de range in speed is 
obtained. Since the motor flux is constant, full-load torque 
will be obtained with full-load amperes at any speed. Such 
drives are consequently best adapted for constant-torque loads. 
The stabilized speed of the motor will vary as the motor-gen- 
erated voltage, as previously shown. 



Fig. 6-7. Ward-Leonard Control for D-C Motors. 


The wide speed range possible, the simplicity of the control, 
smooth acceleration, elimination of armature resistors, and 
large contactors make this system ideal for many industrial 
machines such as large power shovels. 

Efficiency of d-c machines 

As in nearly all types of electrical machinery the efficiency 
is higher in the larger sizes. The average efficiency for 1-hp 
motors is about 80 per cent, while for 60-hp motors this increases 
to about 90 per cent. The variation however depends not only 
on size but on rated speed as well. This range of efficiencies is 
shown in Fig. 6-8, where the shaded area indicates normal 
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Fig. 6-8. Variation of Efficiency with Motor Size. 
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variation caused by speed and design procedures of different 
manufacturers. 

It is characteristic of electric machinery that the efficiency 
remains essentially constant throughout the life of the motor 
since the losses are of a type that do not change with use. In 
fact, any appreciable change in losses will most certainly cause 
overheating and a resultant failure of the equipment. 

Ratios performance 

Motors are specified in terms of the horsepower they will 
deUver, the speed at which they operate, and the voltage and 
type of power supply required. Similarly, generators are speci- 
fied in terms of the current and voltage they will supply and thus 
the possible power output and the speed of operation. 

The machine rating is determined by the design. As dis- 
cussed in Chap. 5, the armature must have enough series con- 
ductors to produce the rated voltage when rotating at rated 
speed in normal field flux. The armature conductors must be 
able to carry rated current in the case of both generator and 
motor. In the motor this rated current will produce sufficient 
torque that the rated horsepower will be delivered at the shaft. 
In other words, electrical machinery is rated on the basis of 
output. 

Most generators and motors are constant-voltage machines, 
and output will depend upon the current in the armature. The 
current-carrying ability of the armature, therefore, becomes the 
limiting factor for any motor or generator. The limits to the 
current-carrying ability of the machine are set by commutation 
and by overheating, which may damage the insulation. 

Commutation limits have been mentioned in connection with 
starting of motors. Most motors will commutate satisfactorily 
momentary overloads of current equal to double the rated cur- 
rent. Overloads of 150 per cent rated current for as long as one 
minute will also be within commutation limits. 

The real limitation for continuous operation is, therefore, 
the heating limit. In a 10-hp motor, having an efficiency of 
85 per cent, approximately 1300 w are converted from electrical 
energy into heat. This will cause the temperature of the motor 
to rise until radiation and convection dissipate the heat as 
rapidly as it is converted. » 

The Umiting temperature for long life of ordinary insulation 
has been standardized at 40° C above the surro unding air. 



DIREa-CURRENT MOTORS 


109 


Chap. 6] 

This limits the average temperature to 70° C even in summer 
heat, and impregnated cotton and other coinmon insulation isi 
not harmed below this temperature. Where Fiberglas and mica 
insulation is used, the temperature may be permitted to rise 
another 10 to 35° C without damage to the machine. Heating 
is not always uniform. In fact, there are usually some spots 
where heat dissipation is not as good as normal. When sudden 
overloads occur, these spots become the critical ones, as they 
heat up much more rapidly than the rest of the machine. 

Thus, a machine is rated normally on the current or horse- 
power that it will deliver continuously without exceeding the 
40° C temperature rise. Since it takes considerable time to 
reach the limiting temperature, it is possible to give special 
ratings for intermittent duty somewhat above the continuous 
rating. Furthermore, the motor can be expected to carry 
momentary or short-period overloads without overheating. 

N.E.M.A. standards. In order to obtain the benefits of 
standardization, the National Electric Manufacturers Associa- 
tion has been established to set standards of dimensions, volt- 
ages, speeds, horsepower and kilowatt ratings, and performance. 

The standards of dimensions specify the distance from the 
base to the center of the shaft, the size of the shaft, and the 
position of the mounting bolts for. each size of motor. Thus, it 
is possible for the industry generally to design to these stand- 
ards, and any motor of proper size will fit the mounting. 

Voltages for d-c machines are specified as 125 or 250 v for 
generators and 115 or 230 v for motors. All sizes of motors 
are built for 230 v, but 115-v motors are limited to 30 or 40 hp, 
since in the larger sizes the current becomes excessive. 

Motors are manufactured in the following standard sizes: 
1, 1^, 2, 3, 5, 7^, 10, 15, 20, and 25 hp. Both larger and smaller 
sizes are standardized, but these standards have not been 
included in this list. A wide range of standard speeds may be 
obtained in nearly all of these sizes. The standard speeds con- 
form to standard speeds of induction motors, as will be studied 
in a later chapter. The most common base speeds are 3500, 
1750, 1150, and 850 rpm. Lower base speeds down to 100 rpm 
may be obtained. 

Adjustable-speed motors are those that maintain essentially 
constant speed with load, but whose speed may be adjusted. 
In d-c motors these are usually shunt motors that are so designed 
that a field reduction may be used to obtain speeds up to three 
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or four times base speed. With such motors the increased speed 
of rotation gives better ventilation, and this permits increased 
horsepower ratings. The N.E.M.A. standards specify the 
increase in accord with the curve in Fig. 6-9. 

To illustrate let it be assumed that a 10-hp adjustable-speed 
motor with a base speed of 500 rpm is being considered. At 
base speed, with full-shunt field, it may be loaded up to rated 
load, and a 50° C temperature rise is allowed. From 500 to 
750 rpm the rating remains constant, but the allowable tem- 
perature rise at 750 rpm at rated load is reduced to 40° C. At 
three times base speed (1500 rpm) the motor may be rated at 



I l'/2 2 3 4 

Per unit of base speed 


Fig. 6-9. Tapered Rating of Adjustable-Speed D-C Motors. 

the next larger standard size, which is 15 hp. Between 750 
and 1500 rpm the hp rating increases on a straight-line basis. 
From 1500 to 2000 rpm, the limit of standard speed variation, 
the hp rating is constant at 15 hp. Large d-c motors do not 
operate above 3600, even if the base speed is 1800, because of 
the excessive centrifugal forces on commutator and windings. 

It is noted that these ratings are somewhat arbitrary, but 
they assure standardization among manufacturers. In operat- 
ing electrical machinery, some judgment is permitted to the 
engineer in charge if that judgment is based on a sound knowl- 
edge of conditions. For instance, in winter, with low tempera- 
tures, an increased loading might be permitted without exceed- 
ing safe operating temperatures. 

Where Class B insulation is used, a considerably higher tem- 
perature is permitted, and these motors may be given a con- 
tinuous rating with temperature rises up to 75° C. It is par- 
ticularly desirable to use such motors where they are located 
near furnaces or other places where high initial temperatures 
are experienced. 

In selecting motors, both economy and quick delivery are 
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obtained by making the selection within tl;ie standards. Suffi- 
cient variety in both size and performance is available to meet 
almost any need. When special motors are specified, it usually 
means that the purchaser will pay a much higher price and will 
have to wait for a standard motor with a special name plate. 

Exercise 6-7. A 10-hp 230-v 1800-rpm open motor drives a belt 
conveyor on a construction job in Minnesota. The winding fails 
and the only other motor available is a 5-hp 230-v 900-rpm d-c motor. 
The electrician suggests that it be used with a field resistance to 
increase the speed to 1200 rpm, which would permit operation at 
reduced capacity. Do you approve his recommendation (give full 
justification for your answer)? 

Protection of d-c machines 

All generators including d-c generators should be protected 
by a circuit breaker or fuse that will break the circuit in case of 
a short circuit somewhere on the system. Such a breaker should 
not trip out on momentary overloads, such as are experienced 
in the starting of motors but must disconnect the generator 
quickly if the load exceeds the commutating limit of the machine. 
It is usual, therefore, to set breakers for d-c generators for instan- 
taneous trip somewhat above twice normal load. 

Motors may be protected by fuses or by SAvitches. Both 
fuses and switches are preferably arranged with heat-storage 
devices, so that they will not open on starting and on momentary 
overloads but will open on continued overloads that will over- 
heat the motor. In some small motors, thermostats are included 
in the motor so that if the motor temperature rises beyond a safe 
value, the motor circuit is opened. 
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Alternating-Current Circuits 

Alternating current and voltage 

Ah alternating current or voltage is defined as a current or 
voltage in which the direction changes periodically. In other 
words, the current flow, or electron drift, is first in one direction 
in the circuit and then in the other, this reversal occurring at 
regular intervals. 

The frequency with which a complete change occurs may be 
60 times a second (as in the case of electric power supplied to 
most residences), from 20 to 10,000 times per second (for voice 
and music waves in telephone communication), or up to millions 
and billions of times per second (as in the case of the radio sig- 
nals that are used in communications and other signal purposes). 
In many of the applications of alternating current the variation 
with time is smooth and regular, following the variation of the 
sine of a constantly varying angle. Such an alternating current 
or voltage is said to vary sinusoidally with time or to be a sine 
wave. 

Sine waves in nature. A tuning fork produces sound or 
variation in the atmospheric pressure that varies sinusoidally 
with time. The pendulum of a clock is shifting energy back and 
forth from kinetic to potential in its sinusoidal movement. If 
a hacksaw blade is clamped in a vise, a weight placed on the 
end of it may be made to oscillate with a sinusoidal movement 
that also shifts energy back and forth from kinetic to spring, oi' 
strain, energy. 

The vibration of a gasoline engine, caused by unbalances in 
the rotating elements and uneven forces exerted on the pistons, 
appears in the form of sinusoidal movements of the engine 
itself. The oscillations in the tuned circuit of a high-frequency 
electric heating unit are also sinusoidal. 

Sine waves in electrical equipment. In electric power equip- 
ment every effort is made to assure a sinusoidal voltage at the 
power outlet. This is so nearly achieved in modern power cir- 
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cuits that a sinusoidal voltage may be assumed without appre- 
ciable error. ' 

In high-frequency heating units, such as are used for pre- 
heating thermoplastics for molding operations and for surface 
heating and hardening of small gears, the oscillations assume 
the sinusoidal form by the very nature of the energy interchange 
between the magnetic and electric fields. 

Since such sinusoidal variations of current and voltage are 
so extensively used in all a-c equipment, their characteristics 
will be studied in considerable detail. 

Time-phase plottins of sine waves ^ 

A sinusoidal variation of current with time* may be con- 
veniently represented by plotting the instantaneous values of 



the current as ordinates against the corresponding values of 
time as abscissas. Such a curve is shown in Fig. 7-1 for a cur- 
rent that has a maximum value of 10 amp. The time scale is 
shown just below the axis with the major points specified in 
fractions of a second. It is seen that a complete cycle requires 


* Note. The generation of a sinusoidal a-c voltage by a rectangular coil 
rotating in a uniform air gap is discussed on p. 69 of Chap. 4. 
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one-sixtieth of a second or that there would be 60 complete 
cycles in one second. Such a sine wave is said to have a fre- 
quency of 60 cps. 

A scale of angular measure in radians is shown above the 
time scale. This angular scale demonstrates the sinusoidal 
character of the variation, as the ordinate in each case is ten 
times the sine of the angle. There is, moreover, a very definite 
relationship between the time and the angle. This can be stated 
mathematically as 

e = 2x/< 

wheilT/ is the frequency and t is the time in seconds. The value 
of the current at any time may be written as 

i = /m.x sin (2x/<), 

which, in the case of the current shown in Fig. 7-1, is 

i = 10 sin (2x X 601) = 10 sin 3771. 

Exercise 7-1. Plot a sine wave of a-c current having a maximum 
value of 25 amp and a frequency of 400 cps. 

Exercise 7-2. Calculate the current in a 60-cycle circuit having a 
maximum value of 100 amp 0.005 sec after the current passes through 
zero. 

Alternatins current in a resistance 

According to Ohm’s law the voltage across a resistor is equal 
to the product of the resistance and current. Thus the instan- 



Fig. 7-2. Alternating Current and Voltage Relations in a Resistor. 

taneous voltage may be written as 

e = Ri = .B/max sin (2x/f) 

= Emix sin (2x/<) 

This relationship is shown in Fig. 7-2, where e is a sine wave 
exactly similar to the current but with a magnitude equal to Ri. 
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The power at any instant is the prodi^ct of the resistance 
and the square of the current. This may be written as 

p = i^R = ft/Lx 8in“ (2 t/<). 

Since sin* x = ^(1 — cos 2x), the above equation may be 
written 

p = — — cos (4ir/<). 

Since the average value of the second term on the right is zero 
for a complete cycle, the average power is % 



These values are shown in Fig. 7-3, where the curves of instan- 
taneous and average power are added to the curves cxirrent of 
and voltage of Fig. 7-2. 

Instantaneous 



Fig. 7-3. Instantaneous A-C Power in a Resistor. 


Exercise 7-3. Plot curves of current, voltage, and power when a 
current of 2 amp flows in a resistance of 5 ohms. The frequency is 
1000 cps. 

Exercise 7-4. Plot the current and voltage in a resistor* when 
the a-c current flowing has a maximum value of 25 ma and the resist- 
ance is 120 ohms. Assume a frequency of 2000 cps. 

Maximum and effective values of a-c waves 

The magnitude of a-c waves has so far been specified in terms 
of the maximum value. Although this method is satisfactory 

* Note, Such a resistor is typical of the resistance strain gage explained in 
Chap. 18. 
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for some purposes, when a-c currents were first used it was 
decided that the effective value of an a-c current should be 
defined as that current which would give the same average heating 
effect when flowing in a resistance as a d-c current of the same 
number of amperes. By definition, therefore, 

P.,, = R. 

In the preceding paragraph, however, it was shown that 


TheiCfore, 

Il„li = -f-’ 


R 


and hit = 


I fWI.T 


Table 7-1 

DETERMINATION OF AVERAGE AND EFFECTIVE VALUES OF A 
SINE CURRENT HAVING 10 AMP MAXIMUM VALUE 


Time (sec) 

Degrees 

i (amp) 


.00046 

10 

1.74 

3.03 

.00093 

20 

3.42 

11.79 

.00139 

30 

5.00 

25.00 

.00185 

40 

6 43 

41 35 

.00231 

50 

7 66 

58 67 

.00278 

60 

8.66 

75 00 

.00324 

70 

9.40 

88 36 

.00370 

80 

9 86 

97 22 

.00416 

90 

10 00 

100 00 

.00463 

100 

9 86 

97 22 

.00509 

no 

9.40 

88 36 

.00555 

120 

8 66 

75 00 

.00602 

130 

7.66 

58.67 

.00648 

140 

6 43 

41 35 

.00695 

150 

5 00 

25 00 

.00741 

160 

I 3.42 

11.79 

.00787 

170 

1 74 

3.03 

.00833 

180 

0 00 

0 00 


Sum 

114.34 

1 900 8 


Average 

6.36 

50.0 


Equivalent d-c current =• -s/SO.O = 7.07 amp. 


In Table 7-1 the values for current and current squared are 
given for each 10 deg, or 0.00046 sec for a 60-cycle current. 
This table demonstrates by the use of simple arithmetic the con- 
clusion that the average of current-squared values is equal to 
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the maximum current squared, divided by 2. It also indicates 
that the reason for referring to the effective value as root-mean- 
square, or rms, value is that the effective value is the square 
root of the mean, or average, of the squared values of the 
current.* 

Alternating voltages as well as currents are expressed in 
terms of effective values. The ratio of the maximum value to 
the effective value remains equal to ^2. The average power 
is then equal (for a resistance load) to the product of the effec- 
tive current and effective voltage, or 

P = EL 

This may be developed from the average power in the following 
manner : 

Q ^ 7 IU0X ma.xP max -^max , 

^ Vi V2 " 

Some types of a-c meters rectify the a-c current and thus 
give a reading that is proportional to the average of the half- 
wave value of the current or voltage. 

The different forms used to specify sinusoidal a-c values are: 

a) Instantaneous value 

i = Jm sin {2Trft) = Im sin o)t. 

b) Average value (of the half wave) 

\ f"" . 2 

7avg = “ / im sill iu)i)d{u)t) - Im — 0.636/„,. 

TT 7o TT 

c) Effective value (rms value) 

/.H = ^ = 0.707 
\/2 

Exercise 7-6. Plot the power flow to a lamp taking 0.25 amp at 
120 V. What is the frequency of the power pulses if the current 
frequency is 25 cps? 


* The above relationships have been developed on the assumption that the 
current, and therefore the applied voltage, were sinusoidal. The definition of 
the effective value of the current for irregular waves is still “that current which 
will give the same heating effect or average power as a d-c current.” The use 
of effective current, even with irregular waves, makes it possible to determine 
whether or not a resistor will overheat or whether it will carry the specified current 
satisfactorily. The ratio of the maximum current to the effective current will 
not ordinarily be \/2 in nonsinusoidal currents. 



118 


ALTERNATING-CURRENT CIRCUITS 


[Chap. 7 

Radius-vector or phasor method of representation of sine 
waves. Although the sinusoidal curve provides a very satis- 
factory representation of the time variation of sinusoidal quan- 
tities, it has the disadvantage of being difficult to draw, and 
the curves become confusing when more than three or four are 
placed on the same diagram. It has become common practice. 



Fig. 7-4. A Rotating Radius Vector or Phasor May Be Used to Produce a Sine 

Wave. 

therefore, to use a rotating radius vector or phasor to represent 
a sinusoidally varying quantity. The line or of Fig. 7-4 is a 
line of unit length that is being rotated at a uniform angular 
velocity. In the portion of the diagram at the right, the angu- 
lar measure in radians is plotted as abscissa, whereas the vertical 
projection of the rotating line or is plotted as ordinate for each 
corresponding position. The rotating line, called a radius vector 
or phasor, may then be said to generate a sine wave and may be 



Fig. 7-5. A Rotating Radius Vector and Sine Wave Show the Variation of Current 
in a Conductor Carrying 60-Cycle Alternating Current. 

used to provide a conventional representation of a sinusoidally 
varying quantity. 

The phasor in Fig. 7-5 is given a scale length equal to 10 
amp and is rotated at an angular velocity equal to 27r X 60 
radians/sec. This angular velocity (usually called w) is equal 
to 2ir/, and in this case produces a sinusoidal wave having a 
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frequency of 60 cps. The phasor represen|iation of sinusoidally 
varying a-c currents and voltages has the advantage of sim- 
plicity and so is used almost exclusively for this purpose. 

Phase difference of alternating currents and voltages. 
When a-c quantities pass through zero and reach the maxi- 
mum positive value at the same time, as do the current and 
voltage in Fig. 7-2, these 
quantities are said to be in 
phase. When alternating 
currents and voltages are 
not in phase, the quantity 
that reaches the maximum 
positive value first is said 
to lead the other quantity. 

Similarly, the one which 
reaches its maximum later is said to lag the other a-c current or 
voltage. If, for instance, two wires are carrying different a-c cur- 
rents, one of which is 10 amp maximum and the other one 5 amp 
maximum and lagging 60 deg behind the first, they could be 
represented by the diagram of Fig. 7-6. In this figure the cur- 
rent in each wire is represented by its individual sine wave and 
phasor. Since the periods of the sine waves are similar in the 
sine-wave portion of the diagram, they will maintain the same 
relation to each other. Likewise, since the angular rotation of 
the phasors is the same, the phasors will also maintain a con- 
stant relationship with one another. 

Addins alternatins currents and voltases 

Let the two wires carrying 10 and 5 amp, respectively, be 
joined as in Fig. 7-7a, so that although the current in each 
remains as before, the currents are added in the common wire. 
The current in this common wire is then the sum at every instant 
of the currents in the other two wires. 

This is shown in the sine-wave diagram of Fig. 7-7b as the 
resultant current and is itself a sine wave with a maximum value 
of 13.2 amp. In the phasor portion of the figure, if a parallelo- 
gram is completed and a diagonal drawn, this diagonal is also 
found to be equal to 13.2 amp, or the maximum value of the 
resultant current. Furthermore, the phasor will reach the ver- 
tical position at the same time the resultant current is maxi- 
mum, as shown by the instantaneous addition of the sine-wave 
values. 



Fig. 7-6. A-C Currents Which Are Out of 
Phase. 
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Thus, sine-wave quantities may be added algebraically at 
any instant, or, if they are represented by phasors, the addition 
must be a vector addition. When a subtraction is to be made. 


10 Amperes 



Fig. 7-7. Addition of Alternating Currents. 


it may be done on the basis of instantaneous algebraic subtrac- 
tion of sine waves, or one phasor may be subtracted from the 
other. To subtract a phasor, it is reversed and then added 
vectorially. This procedure is shown in Fig. 7-8, where the 
same 10-amp and 5-amp phasors are shown, but it is desired to 

subtract the 6-amp phasor 
from the 10-amp phasor. 
The resultant vector in this 
case is 8.66 amp and leads 
the 10-amp current by a 
phase angle of 30 deg, or 
7r/6 radians. 

Exercise 7-6. Plot the 
sine wave of current in a wire 
when it is composed of the 
current from two branches, one of which carries 25 amp and the other 
carries 10 amp leading the first by 30 deg. The frequency is 60 cps. 

Interpretation of phasor methods. Either the sine wave or 
the phasor may be used to represent an a-c quantity. Some- 
times one and sometimes the other is more convenient or more 



Fig. 7-8. Vector Subtraction of Alternating 
Currents. 
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effective in showing the characteristics th^t are to be studied. 
Hereafter the method will be used that seems to be most effec- 
tive, and only occasionally will both representations be used on 
the same problem. Either type of diagram is useful in showing 
the magnitude and phase relationships of currents and voltages. 
It is common practice in such diagrams to use one scale for volt- 
ages and a different scale for currents. 

The phasors have normally represented the maximum value 
of current or voltage. Since the ratio of effective to maximum 
values is constant for all sine waves, it is customary to use 
phasors to represent effective values. As long as a single phasor 
diagram represents only effective values or only maximum 
values, no difficulty will be experienced. 

Rate of change of current in a sine wave 

Important characteristics of a-c circuits depend not only 
upon the amount of the current but also upon the rate at which 
the current is increasing or decreasing. Expressed mathemati- 
cally, the rate of current change is the derivative of the instan- 
taneous current, and if the instantaneous current is 

i = /max sin 27 r/^, 

then 

di • 

rate of change of current = ~T 7 — /nmx(27r/) cos (2Trft). 


If the maximum current is 10 amp and the frequency is 60 
cps, this becomes 

di 

rate of change of current = ^ = 10(2T(f0) cos (3770 

= 3770 cos (3770 amp/sec 


This may be demonstrated without the use of calculus in the 
following manner. Since the vertical change in the sine wave 
represents the change in current and the horizontal change rep- 
resents the change in time, the current change divided by the 
corresponding time change is, by definition, the rate of change 
of the current. This ratio is also the slope, or steepness, of the 
sine curve. In Fig. 7-9 the same current of 10 amp maximum 
is shown that has been studied before. At the point a a tangent 
is drawn, and the slope can be determined by dividing the dis- 
tance i' in amperes by the distance V in seconds. If this same 
procedure is followed for a number of points on the current 
curve and the results plotted against the corresponding time,’ a 
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curve will be obtained for the slope. This curve will be a sine 
wave displaced by 90 deg. It will be observed that the maxi- 
mum value occurs at the time the current is passing through 
zero, which means that it is a sine wave that leads, or precedes, 
the current wave by a time-phase angle of 90 deg, or7r/2 radians. 
The maximum value of the curve of the rate of change of cur- 
rent is 27r/ times the maximum of the current curve, where / is 



Fig. 7-9. The Rate of Change of Current with Alternating Current. 

the frequency. This maximum may be explained by the fact 
that the rate of change, when the current is going through zero, 
is represented by the terminus of the radius vector moving at 
full velocity. Since its angular velocity is 27r/ radians, or / com- 
plete revolutions per second, its velocity, or rate of change, will 
be 27r/ times its length, and the length is equal to the maximum 
value of the current. 

Either method of demonstration shows that the rate of 
change of current is a sinusoidal wave that has a maximum 
magnitude equal to 27r/ times the maximum value of the cur- 
rent. This relationship is important, as it is the basis for the 
determination of the reactance of a-c circuits. 

Inductive reactance 

When an alternating current flows in an inductance coil, the 
current in the coil and the voltage across the coil are no longer 
in phase. Let it be assumed that an a-c current is flowing in 
an inductance coil and that this current is represented by 
the sine-wave and phasor diagram of Fig. 7-10. If the coil 
has an inductance of L h, then the voltage of self-induction 
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6 = L ^ = 27r/L/„„ cos {2irft). 

The direction of this voltage will be such (by Lenz’s law) as to 
oppose the change of current. Thus, when the current is 
increasing at a maximum rate, the voltage of self-inductance 
has a maximum negative value, as shown by the dotted curve 
of Fig. 7-10. 

Voltage of 



In order to maintain an a-c current through the inductance, 
a voltage must be impressed upon the coil, which will both 
neutralize this reactance voltage and, in addition, overcome the 
resistance drop. If the resistance drop is small, as it is in many 
cases, then the impressed, or applied, voltage will be essentially 
equal and opposite to the reactance voltage. The curve of 
impressed voltage is shown by the solid line on the sine-wave 
diagram of Fig. 7-10 and is equal and opposite to the reactance 
voltage. Since this voltage wave comes to a maximum 90 deg, 
or t/ 2 radians, before the current wave, it is said to lead the 
current wave, or the current wave may he said to lag 90 deg behind 
the wave of impressed voltage. The absolute magnitude of this 
maximum voltage is 

= (27r/L)/_. 

The quantity 27rfL is a characteristic of the inductance coil and 
frequency and is called the inductive reactance of the coil. It is 


See p. 64 of Chap. 4. 
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usually given the symbol Xi and, since it is the ratio of a volt- 
age to a current, it is expressed in ohms. The effective values 
of current and voltage have the same ratios as the maximum 
values, so the relation may be expressed as follows: 

LI _ Y f 

f^Lraax L-* max; 

E = XJ, 


Example. A coil having negligible resistance and an inductance 
of 15 mh is connected to a 120-v 60-(^y(*Je source. Determine the 
current flowing and draw the diagram of vectors. 

Solution: (1) Determine the reactance. The reactance of the coil 
is 

X,, = 2irJL 

= 27r X 00 X 0.015 
= 5.65 ohms. 

(2) Determine the current. No mention is made to the contrary, 
so it is assumed that 120 v is the effective value. 


and 

or 


E = 120 Volts 

I =21.3 Amps. 

Fig. 7-11. 
Current and Volt- 
age in an Induc- 
tive Circuit. 


/ = 


A 


120 

5.65 


= 21.3 amp. 


(3) Draw the phasor diagram. (Fig. 7-11.) 
Lei E = 120 V be the reference voltage that is im- 
pressed upon the coil. Then 1 =21.3 amp is the 
current flowing. It lags 90° behind the voltage and 
is not drawn to the same scale as the voltage phasor. 


Since the inductive reactance is directly proportional to 
the frequency, its value becomes quite large with high fre- 
quencies. Inductance coils are often used, therefore, to limit 
the magnitude of a-c currents when the frequencies become 
greater than a critical value. When inductance coils are used 
for this purpose, they are called chokes, because they choKe 
off the current for frequencies higher than the critical value. 

Exercise 7-7. Determine the current flowing in an inductance of 
50 mh when a voltage of 75 v at 400 cycles is impressed upon it. Draw 
the phasor diagram. 

Power in an inductance coil 


The power flowing into the circuit at any instant is equal 
to the product of the current and the voltage. This is plotted 
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in Fig. 7-12 and is a sine wave of double frequency. The 
mathematical development is as follows: 


Pin.t = ei = cos (2ir/<)/™.x 
sin {2wft) 

= E^I„„ sin 2irft cos 2ir/<. 

Since 

sin X cos X = 7 sin 2X, 

Jl/max* max • . 

Pxnst = — “5 Sin 4irft, 

or, using effective values, 
Pinst = El sin ^Trft. 



Fig. 7-12. Current, Voltage, and Power 
in an Inductive Circuit. 


When the instantaneous power is averaged over a complete 
cycle, the average is found to be zero. This of course assumes 
that the resistance is negligible. The physical interpretation 
of this zero average power is that the power source is storing 
energy in the magnetic field of the coil during the time the cur- 
rent is increasing in magnitude and gives a positive loop of 
power. When the current in the coil is decreasing, this energy 
is returned to the circuit, and a negative power loop just equal 
to the positive loop is obtained. This energy storage in the 
magnetic field, which tends to maintain the current flow, is 
analogous to kinetic energy in the field of mechanics. 

Resistance and inductance in series 


The relationship between the current and the impressed 
voltage has been determined when the circuit consisted of 
resistance alone and inductance alone. For resistance, the 
voltage is equal to the product of the instantaneous current 
and the resistance. For the inductance coil, however, the 
voltage is a sine wave which is 90° ahead of the current in time 
phase. If a'resistance is connected in series with an inductance 
coil, the current flow in each will be the same. The voltage 
across the resistance will be in phase with the current, and the 
voltage across the inductance coil will lead the current by 90°. 
This is shown in Fig. 7-13, where the sine wave i is the current, 
6r the voltage drop in the resistance, and the voltage impressed 
on the inductance coil. The voltage impressed on the com- 
bination is the instantaneous sum of Cr and which is shown 
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as e. This voltage wave leads the current by an angle 6 as 
shown in the diagram. In the phasor portion of Fig. 7-13, the 
same information is obtained. In this type of representation, 
however, it is evident that the angle d by which the voltage 
leads the current is the angle whose tangent is X^/R. 

R L 



Fig. 7-13. Alternating Current and Voltage with Resistance and Inductance in 

Series. 


Note. In an inductance coil there is always some resistance in the winding; 
therefore, any practical inductance will have both resistance and reactance and 
may be represented as shown in Fig. 7-13 with resistance and reactance in series. 
In this case it would be impossible to measure the IR drop and the IX l drop sepa- 
rately. It is possible, however, to measure the resultant voltage and to determine 
the angle d. The coil may be represented either by a resistance and inductance 
in series, as indicated above, or by a resistance and inductance in parallel. The 
series representation is much more common and will be used exclusively in this 
text. 

Impedance and phase angle 

In Fig. 7-13 the voltage across the resistance is equal to IR, 
and the voltage across the inductance is IXl, but no single 
quantity by which the current may be multiplied to obtain 
the total impressed voltage has been discussed. It is desirable 
that such a quantity or circuit characteristic should be available 
for circuit calculations. 

The diagram in Fig. 7-14 shows how such a quantity may be 
obtained. R is drawn along the horizontal axis, while is 
drawn vertically upward. The vector sum of these quantities is 
a new quantity (known as impedance) by which the current may 
be multiplied to get the total impressed voltage. Similarly, 
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when the voltage is divided by the impedance, the current is 
obtained. ' 



Fig. 7-14. Addition of Resistance and Reactance to Obtain Impedance. 

The magnitude of the impedance in this simple circuit is 
Z = + x\ 

and in more complex series circuits this becomes 

z = + (sx)2. 

This simply says that the impedance of several circuit elements 
in series is equal to the square root of the sum of squares of 
the summation of the resistances and the summation of the 
reactances. 

The phase angle of the impedance is the angle d whose 
tangent is X/R. When an inductive reactance is in the circuit, 
the angle d is positive and the voltage leads the current. Thus 
the impedance is sometimes said to be a special kind of multiplier 
(vector-operator) which multiplies the magnitude of the current 
to produce the magnitude of the voltage and whose angle is 
added to that of the current vector to produce the voltage 
vector. Similarly, when the voltage is divided by the imped- 
ance, the magnitude of the current is the quotient of the voltage 
and impedance, and the direction of the current vector is 
obtained by subtracting the impedance angle from the angle 
of the voltage phasor. 

There are several formal methods for doing this. For most 
elementary work it is sufficient to be able to determine the mag- 
nitude and phase relationships of the current and voltage with- 
out developing the specialized terminology ordinarily used by 
electrical engineers. 

Example. Determine the voltage required to force a current of 
20 ma through an inductance <^1 having a resistance of 50 ohms and 
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an inductance of 10 mh. The frequency is 2000 cps. What is the 
angle by which the voltage leads the current? 

Solution: (1) Determine the reactance. 

X = 2irfL = 27r X 2000 X xo ^ ' = ^Ox = 125 ohms. 

(2) Determine the impedance. * 

Z = y/R^ + = \/50=“ + 125^ 

= V2500 + 15,625 

= Vis, 125 = 134 ohms. 

„ X 125 „ ^ 

= 50 = 2-^ 

e = 68 . 2 ^ 

(3) Determine the magnitude of the voltage. 

E = IZ 0.020 X 134 = 2.68 v. 

An a-c voltage of 2.68 is necessary to force 20 ma 

through the above coil. The voltage will lead the cur- 

rent by a phase angle of 68.2°. (Ans.) 

Exercise 7-8. What 60-cycle voltage will be required to cause a 
current flow of 20 amp through an inductance coil of 20 mh, if it has 
a resistance of 4 ohms? Determine the phase angle. 

Exercise 7-9. If a 2000-cycle generator supplies 350 v to a coil 
having an inductance of 5 mh and a resistance of 25 ohms, what 
current results? What is the angle by which the current lags the 
voltage? 

The impedance of a circuit of several elements 

The sum of the voltages in a series circuit is not necessarily 
limited to two elements but may be of any number. In circuits 
of this type the voltages are added instantaneously, just as 
was demonstrated in Fig. 7-13. All of these voltage drops 
may be divided into parts due to resistance and parts due to 
reactance. Since this is possible, the impedance of the entire 
circuit may be obtained by the vector addition of the impedances 
of individual parts. This addition may be done graphically, or 
it may be done, as indicated previously, by adding all of the 



Fig. 7-15. Im- 
pedance Dia- 
gram. 


♦ Many students find that a carefully drawn diagram will give results of engi- 
neering accuracy. The use of a diagram drawn to scale is always a desirable check 
on arithmetical calculations even if it is not used for the original solution. (See 
Fig. 7-16.) 
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resistances and all of the reactances and from these obtaining 
the total or equivalent impedance. ' 

Example. Determine the current taken from a 60-cycle 220-v a-c 
line when coil A, resistance B, and coil C are connected across it, in 
series. Coil A has a resistance of 0.3 ohms and an inductance of 2 mh. 
Resistance B has a magnitude of 1.2 ohms. Coil C has a resistance 
of 0.7 ohms and an inductance of 5 mh. 


Ra La Rb Rc Lc 


Xc 

2a=0.810 

OHMSn^ 

X* 

Ra Rb Rc 

Fig. 7-16. Impedance Diagram for Example. 

Solution: (1) Determine the reactance of the coils. 

Coil A: 

Xa = 27r/L = 27r X 60 X 0.002 = 0.247r = 0.754 ohms. 
Coil C: 

Xc = 27r/L = 27r X 60 X 0.005 = O.OOtt = 1.88 ohms. 

(2) Determine total impedance. 

total ~ Xa "f" Xc — 2.63 ohms. 

•Btotai == “h Rc == 0.3 + 1.2 + 0.7 = 2.2 ohms. 

ZuM = -I- = V 2.22 4 - 2.03^ = V4.84 -|- 6.92 

= Vll.76 = 3.43 ohms. 

(3) Determine current and phase angle. 

, E 220 

^ = Z = ^ 

„ X 2.63 , _ 

^ = T2 = 

0 = 50.1°. 
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Exercise 7-10. A 10,000-ohm resistance is in series with an 
inductance coil having a resistance of 2000 ohms and an inductance 
of 10 mh. This circuit is connected across a 75-v line having a fre- 
quency of 150 kc. Determine the current and phase angle. 

Exercise 7-11. Two coils and a resistance are connected in series 
across a 110-v 60-cycle power line. Coil A has a resistance of 3 ohms 
and an inductance of 15 mh. Coil B has a resistance of 7 ohms and 
an inductance of 5 mh. The resistance C has a magnitude of 2 ohms. 
Determine the current and equivalent impedance. 

Resistances and inductances in parallel 

When a-c circuits are connected in parallel, the same general 
type of solution is used as was used for resistances in parallel. 
That is, the current flowing through each part of the parallel 
circuit is determined and the total current is the sum of the 
individual parts. The currents will, in general, not be in phase, 
and therefore the phasors representing them must be added with 
the proper phase relationship. 

The equivalent impedance may be determined by dividing 
the voltage by the current. The phase angle of the impedance 
is determined by the angle the total current phasor makes with 
the voltage. The equivalent resistance is the product of the 
impedance and the cosine of the angle, while the equivalent 
reactance is the product of the impedance and the sine of the 
angle. 

Example. It is desired to know the total current flow, the phase 
angle of the total current, and the equivalent impedance when coil C 
of the preceding illustrative example is connected in parallel with a 



Fig. 7-17. Phasor Diaf?ram for Parallel Circuit of Example. 
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series circuit composed of coil A and resistance as indicated in the 
circuit diagram of Fig. 7-17. The line voltage is 110 v at 60 cycles. 

(1) Determine the current in coil A and the resistance using 
the values obtained in the preceding example. 


Za+b = + 72^)' + = Vl.5* + 0.754* 

= V2.25 + 0.57 = V'^ = 1.68 ohms. 


X 0.754 

tan Oa+b - ^ j 5 Q = 
6a-^b ~ 26.7°. 

_ no _ 

Ia+B - ^ - 


= 0.503. 

65.5 amp, 


which lags 26.7° behind the voltage. 

(2) Determine the current in coil C. 

Zc = V/2c* + Xc* = Vo.7* + 1.88* 

= \/0.49 + 3.54 = y/Im = 2.01. 

X 1.88 „ „„ 

tan = ^ = -^ = 2.68. 

Oc = 69 . 6 °. 

r E 110 ... 

= Z = ^1 = 


which lags 69.6° behind the voltage. 

(3) Determine the total current by adding the individual currents.* 

(Graphical method) 

Ia+b = 65.4 amp at an angle of 26.7°. 

Ic = 54.6 amp at an angle of 69.6°. 

It = 112 amp at an angle of 46°. 

(By analytical method) 

(4) Begin by determining the portion of currents in phase with 
the voltage. 

Ia^b cos Sa+b = 65.4 cos 26.7° = 65.5 X 0.893 = 58.5 amp. 

Ic cos dc = 54.7 cos 69.6° = 54.7 X 0.349 = 19.0 amp. 

Tin phase == 58.5 + 19.0 = 77.5 amp. 


* This can be done graphically as in Fig. 7-17 or by determining the portion 
of the current in phase with the voltage and 90° behind the voltage. These 
parts can then be added to find the portions of total current in phase with and 
90° behind the voltage. The total current can then be determined from these by 
the use of right-triangle analysis. 
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(5) Next, determine the portion of the currents 90° behind the 
voltage. 

sin $a+b = 65.4 sin 26.7° = 65.5 X 0.45 = 29.4 amp. 

Ic sin 6c = 54.6 sin 69.6° = 54.7 X 0.938 = 51.3 amp. 

790* lag = 29.4 + 51.3 = 80.7 amp. 


(6) From the two individual currents, determine the total current 

flow. 

7 total Vp 

in phase + P ’90“ lag 

= Vf7.5^ + 80.r = V6006 + 6510 
= Vl2,516 = 111.9 amp. 


tan = 


total T 

in phase 

total = 46.2°. 


= 1.04. 


(7) Determine the equivalent impedance. 

111.9 

== 0.984 ohms. 

i2eg = Z cos ^ = 0.984 cos 46.2° = 0.984 X 0.692 
= 0.682 ohms. 

Zeg = Z sin ^ = 0.984 X 0.722 
= 0.711 ohms. 


Exercise 7-12. Determine the equivalent impedance of the cir- 
cuit shown in Fig. 7-18. 


X=100HMS R=10 0HMS 



X= 20 OHMS R=5 0HMS 


Fig. 7-18. Circuit Diagram for Exercise 7-12. 

Exercise 7-13. A resistance of 100 ohms is connected in parallel 
with a reactance coil having an inductance of 25 mh and a resistance 
of 20 ohms. What total current will flow when 40 v at 1000 cycles 
are impressed on the circuit? 
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Exercise 7-14. Three circuits are connected across a 120,000- 
cycle 20-v source. Circuit A consists of a resistance of 2000 ohms. 
Circuit B consists of a coil having an inductance of 5 mh and a resist- 
ance of 100 ohms. Circuit C consists of a coil having an inductance 
of 1.2 mh and a resistance of 50 ohms. Determine the total current 
flowing and the equivalent impedance. 

Power and power factor 

It has been shown that the average power absorbed by an 
inductance coil with negligible resistance is zero. Since most 
coils do not have negligible resistance, some power is absorbed. 
The amount of this power is 

P = 727? 

In other words, the only energy that is supplied to an inductance 
coil and that is not returned to the circuit on the next quarter 
cycle is that which is converted into heat by the resistance of 
the winding. 

Since IR is the component of the voltage which is in phase 
with the current, as shown in Fig. 7-13, it can be specified as 

R 

IR = E cos 6, where cos ^ ^ 

Using this relationship, the average power can be determined 
from a knowledge of the current, the voltage, and the angle 
between them. This is shown as follows : 

^average == I^R = {IR)I ~ RI COS 6 WattS. 

In direct current and in alternating current with resistance 
only, the average power is equal to El, The factor by which 
El must be multiplied to obtain true average power is called 
the power factor and, as is seen above, this is equal to cos 6, 
where 6 is the angle between the phasors of the current and the 
voltage. This angle is often called the power-factor angle. 

The product of the current and voltage {El) is called the 
apparent power. Since it does not measure real power, the units 
are not called watts but volt-amperes. Most a-c machinery is 
built to operate at a specified voltage, and the safe current is 
limited by the heating effects of the current; therefore the 
machines are often rated in volt-amperes of capacity. 

Power factor may be expressed as a percentage; thus a 50- 
per cent power factor is actually 0.5. Since power companies 
can supply more power with the same equipment if the power 
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factor is high, their rates are sometimes arranged so that energy 
costs are less with a high power factor than with a low one. 

Exercise 7-16. A power line supplies 20 amp to a welding trans- 
former. The voltage is 220 and the wattmeter indicates 3.0 kw. 
What is the power factor? 

Exercise 7-16. A variable reactance has been designed to control 
the current flow to the lights in a theater. If the resistance of the 
lights is 10 ohms, and the inductance coil in series with the lights on 
one of its points has a reactance of 20 ohms and a resistance of 2 ohms, 
determine the power factor. What is the voltage across the lamps 
when 120 volts is impressed? 

The electric capacitor 

When two conducting plates are placed close to, but insu- 
lated from, each other, they form what is known as a capacitor. 
An electric charge can be stored on these plates and will be 
retained as long as the plates of the capacitor are perfectly insu- 
lated from each other. One of the most fundamental of all 
electrical concepts is the repelling action of charges of the same 
polarity and the attractive forces between charges of opposite 
polarity. If, then, the charged plate, having an excess of elec- 
trons (or negative charge), is connected to the charged plate 
having a deficiency of electrons (or positive charge), the repel- 
ling and attractive action of the charges will cause electrons to 
flow through the conductor. This flow of elecd^rons constitutes 
an electric current that is forced through the conductor against 
the resistive drop and, thus, causes the development of heat. 
This energy had been stored in the capacitor as potential energy 
as a result of the repelling force of the electric charge. The 
pressure or potential resulting from this repelling force is pro- 
portional to the charge. The magnitude of the potential is also 
dependent upon a proportionality constant that is determined 
by the size of the capacitor plates, the distance between them, 
and the insulating material. This constant is called the capaci- 
tance and is indicated by the symbol C. Expressed mathemati- 
cally, the relation is 

EC 

Q being measured in coulombs, E in volts, and C in farads. 

The unit of capacitance is called the farad and may be 
defined as that capacitance which will permit the storage of one 
coulomb of charge at a potential of one volt. 
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Dielectric constant 

The above analysis is based entirely upon the effect of the 
charges within the conductors and so is valid for conductors in 
a high vacuum, such as, for instance, the interelectrode capaci- 
tance of vacuum tubes. Experimental studies show that the 
same analysis is also valid for conductors in air. When most 
liquid or solid insulators are 
placed between the plates of 
the capacitor, however, it is 
found that the capacitance is 
considerably increased; this 
increase permits additional 
energy storage. The mech- 
anism of this storage is in- 
dicated in Fig. 7-19. The 
positive charge on the upper plate attracts the negative electrons 
in the molecules of the dielectric. These electrons are bound so 
tightly to the molecule that they cannot flow as do the electrons 
in metals. The force of attraction exercised by the upper plate 
and the repulsion exercised by the lower plate combine to pro- 
duce a strain in the molecules of the dielectric similar to the 
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Fig. 7-19. 

Tension in Dielectric. 


7^2 

DIELECTRIC CONSTANTS OF INSULATING MATERIALS 


Material 

Dielectric 

Constant 

Material 

Dielectric 

Constant 

Air. 

1 

Polystyrene 

2-6 

Glass 

6-9 

Bakelite 

5-15 

Porcelain 

5-7 

Paper 

.. 2-2.6 

Steatite 

5-6 

Paraffin 

. 2-2.5 

Mica . . 

. . . 6-7 

Mineral Oil 

2-2.5 


strain in a spring that has been stretched. The extent to which 
the effect of the repelling action of the charges in the capacitor 
plates can be neutralized by the strained condition of the dielec- 
tric is dependent upon the physical characteristics of the dielec- 
tric. An index of this ability of a dielectric to change the capac- 
ity of a capacitor is known as the dielectric constant. It may be 
defined as the ratio of the capacitance of a capacitor, with the 
dielectric being considered, to the capacitance of the same capacitor 
if air or a vacuum were used as the insulating medium, A list of 
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the dielectric constants of several common insulators is given 
in Table 7-2. In many cases varying methods of manufacture 
or varying quality cause a range of values to be given. 

Capacitance of a capacitor 

Many of the commercial capacitors are flat-plate or rolled- 
foil capacitors, and the capacitance of these may be determined 
from the equation 

AK 

C = 2248 -3- X 10->* fd. 
a 

In this equation A is the area (in square inches) of the dielectric 
under stress, d is the thickness (in inches) of the dielectric, and 
K is the dielectric constant, as specified in Table 7-2. The 
farad is such a large unit of capacitance that it is almost never 
used in practice. The microfarad (/xf) and the micromicrofarad 
(nfii) are the units used most extensively. These units must, 
however, be converted to farads when substituting in equations, 
unless the equations are converted so that the smaller units may 
be used directly. The value of 

litff = 10“® fd, or 1/ijuf = 10“*^ fd. 

It follows from the equation for capacitance that capacitors, 
when connected in parallel, have a capacitance equal to the sum 
of the capacitances of each individual capacitor. However, 
when capacitors are connected in series, the equivalent capacity 
must be obtained by use of the equation 

J_=i. + -L + J_+... 

C,, Cx ^ C2 ^ C, ^ 

This equation is analogous to the equation for the equivalent 
resistance of several resistors connected in parallel as developed 
in Chap. 1. 

Exercise 7-17. Determine the capacitance of a paper and metal- 
foil capacitor where there are 21 sheets of foil connected to one termi- 
nal and 20 connected to the other. Each sheet has an effective area 
2 in. wide and 10 in. long. The capacitor is made by the 41 sheets 
of foil, which are separated by 40 double sheets of paper, each double 
sheet having a thickness of 0.016 in. 

Exercise 7-18. A variable air capacitor has 10 rotating plates, each 
having an external radius of 3 in. The 1 1 fixed plates have an internal 
radius of 1.0 in. Both fixed and movable plates are made of material 
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which is 0.05 in. thick, are spaced on 0.25-in. centers, and cover an 
arc of 180 deg. Determine the approximate marimum capacitance. 

Relation between voltase and current in a capacitor 

Since the instantaneous charge on a given capacitor is pro- 
portional to the voltage at any instant, the charge will increase 
and decrease as the voltage increases and decreases. In Fig. 
7-20 the voltage has been plotted as a sine wave and the charge 
as another sine wave of different magnitude but in phase with 
the voltage. If the charge on the capacitor is continually 
changing, the conductor by which the connection to the capaci- 
tor is made must have a flow of electrons to and from the capac- 
itor. The current in the circuit is, therefore, the rate at which 



Fig. 7-20. Current, Voltage, and Power in a Capacitive Circuit. 

the charge on the capacitor is being increased or decreased. 
The current is flowing from the line to the capacitor when the 
voltage is rising and going through the zero value. The current 
is therefore positive, and, since the voltage is changing most 
rapidly at this time, the magnitude of the current is a maxi- 
mum. When a sine wave of current has a positive maximum 
value 90 deg before the positive maximum of the voltage wave, 
it is said to lead the voltage by 90 deg. 

The same result may be obtained from a slightly different 
approach. It has already been learned that the rate of change 
of a sine wave is another sine wave that leads the original wave 
by 90 deg. Since the current is proportional to the rate of 
change of the voltage wave, it follows that the steady-state 
condition for current to a capacitor with a sinusoidal voltage 
impressed is a sine wave leading the voltage by 90 deg. This 
confirms the previous reasoning, and the waves are shown in 
Fig. 7-20. It is seen that this current is opposite in time phase 
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to the current in an inductance, which lags 90 deg behind the 
voltage. 

The instantaneous power in a capacitor is also plotted in 
Fig. 7-20 and is found to be a sine wave having zero average 
power and double the frequency of the voltage wave. The 
same was true in the case of the inductance coil shown in Fig. 
7-11. A comparative study, however, will show that for the 
quarter-cycle, when the voltage is going from positive maxi- 
mum to zero, the power input is negative in the capacitor cir- 
cuit but positive in the circuit containing the inductance coil. 
In the following quarter-cycle it is positive in the capacitor cir- 
cuit and negative in the inductive circuit. This is an impor- 
tant characteristic of these circuit elements, because it permits 
periodic power transfer from one element to the other and is the 
basis for the oscillations of tuned circuits used so extensively in 
high-frequency equipment. 

Capacitive reactance 


In the preceding paragraph it was determined qualitatively 
that the current from a capacitor was equal to the rate of change 
of the charge. It remains to determine the numerical relation- 
ships that involve the frequency. In the discussion on the rate 
of change of a sine wave it was found that the maximum value 
for the rate of change is 2irf times the maximum value of the 
original sine wave. The maximum rate of change of Q is, there- 
fore, 27r/ times and this is likewise the maximum value of 
the current. Stated mathematically, this relation is 




It is knqwn that the charge is equal to the product of the volt- 
age and capacitance; thus 


= CE^ 


Substituting this value in the above equation 

/=.„ = {2TfC)E^, and = {2TfC)E^„ 

where 2^/(7, the admittance, is a constant giving the relation 
between the absolute values of the current and the voltage. 
Since the reactance of a capacitive circuit is that value by which 
the current must be multiplied in order to obtain the voltage, 
the reactance of a capacitor may be specified as l/(27r/C). In 
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mathematical form this statement is ^ 

Therefore 

27r/C 

Since both the capacitance and frequency are in the denomi- 
nator, it follows that the impedance is decreased with increase 
of frequency and is decreased also with an increase in capaci- 
tance. This is the opposite of the reactance of an inductance, 
which increases both with an increase of frequency and of 
inductance. 

Resistance and capacitance in series 


When resistance is connected in series with a capacitor, a 
situation is obtained similar in many ways to that existing 
in the case of a resistance in series with an inductance. The 
voltage across the resistance is in phase with the current, while 
the voltage across the capacitor lags 90° behind the current. The 
total voltage, being the sum of the two component voltages, 
also lags behind the current. This angle of lag, or the angle by 
which the current leads the voltage, has a tangent, the value of 
which is Xc/R. 

Example. A capacitor of 1 juf is connected in series with a 1000- 
ohm resistance across a 500-cycle 12-v line. Determine the current, 
the e(|uivalcnt impedance, and the power-factor angle. 

Solution: (1) Determine the reactance of the capacitor. 


X 


c 


1 1 1000 
2TrfC “ 2x X 500 X 10-« “ TT 


318.5 ohms. 


(2) Determine the ecjuivalent impedance. 

z = Vr^ -t Xc^ 

= Viooo2’+ 



= Vl, 000^000 + 101,500 

= vT,Tm7^ 

= 1050 ohms. 


tan 6 


R 


318.5 

1000 


0.318. 



0 = 17.7°. 


Fia. 7-21. Vector Diagram, Ca- 
pacitive Circuit. 
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3. Determine the current. 

E 12 

/ = ^ == Tom 

This current will lead the voltage by 17.7°. 

Exercise 7-19. What current will be taken from a 200-v source 
by a O.OOl-zif capacitor in series with a 125-ohm resistance if the fre- 
quency is 600 kc? Determine the phase angle and draw the vector 
diagram. 

Resistance, inductance, and capacitance in series 

When resistance, inductance, and capacitance are connected 
in series, the total voltage is, as before, the instantaneous or 
vector sum of the voltages across the individual elements of the 
circuit. When an analysis is made of these voltages, it is 
observed that the voltage across the capacitor is directly 
opposed to the voltage across the inductance. The voltage 
across the combination may therefore be less than the voltage 
across either element by itself. The reactance of such a series 
circuit is the difference between the reactance of the inductance 
coil and the reactance of the capacitor. Since these two react- 
ances tend to neutralize each other, it has become common 
practice to assign one a positive value and the other a negative 
value. Since the inductive reactance is drawn vertically upward 
with respect to the resistance as reference, it is considered as posi- 
tive and the capacitive reactance is considered as negative. The 
power-factor angle 6 on this basis is considered positive when the 
voltage leads the current and negative when the voltage lags 
behind the current. The methods of making the computations 
are the same as for the resistance and inductance in series, 
and the addition of impedances may be made graphically or 
algebraically. 

Example. A capacitor of 50 ijS, an inductance coil having a 
resistance of 5 ohms and an inductance of 0.08 h, and a resistance of 
6 ohms are connected in series across a 110-v 60-cycle circuit. Deter- 
mine the equivalent impedance, the current, the power-factor angle, 
and the voltage across each circuit element. 

Solution: (1) Determine the impedance Z. 

1 

27r X 60 X 50 X lO-®’ 

-53.0 ohms. 


X 


oapsoitor 


2x/C 

10 ‘ 

eOOOir 
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Xooii = 2 vfL = 27r60 X 0.08 = 30.1 ohms. 

XtoM = —63.0 -f- 30.1 = —22.9 ohms of capacitive reactance. 
= 5 -|- 6 = 11 ohms. 

Zt = Vli‘ + = Viv + 22.9* = V'l21 -t- 525 

= V 646 = 25.4 ohms. 

X 22 9 

tan ^ = - D = - = -2.08. $ = -64.4°. 

K 11 

(2) Determine the current. 

E 110 

7 = ^ = 2 ^^ = 4.33 amp. cos d = power factor = 0.43. 

(3) Determine the voltages across each circuit element. 

£'capamtor = IXc = 4.33 X 53.0 = 229 V. 

Z«,., = VW+ir^ = Vs^ + 30. P = V 25 + 906 
= = 30.5 ohms. 

= /Z„,i = 4.33 X 30.5 = 132 v. 

= 4.33 X 6 = 26 V.* 

II — mm -' — 

Xe Xl+Rl R 



Fig. 7-22. Vector Diagram — Resistance, Inductance, and Capacitance in Series. 

* In Fig. 7-22, which shows the graphical summation of impedances, it will 
be noted that each impedance was determined individually. Many engineers 
prefer to add the resistances and reactances separately in order to obtain the final 
result, as was done in the analysis. The vector method permits a more complete 
understanding of the voltages between different points on the circuit. 
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Note. It should be noted in the example above that the voltages 
across the coil and across the capacitor are both greater than the line 
voltage. This situation is common in high-frequency circuits, and 
the voltage may be many times the impressed voltage in circuits 
where the inductive and capacitive reactances are equal and the 
resistance is small. 

Exercise 7-20. A resistance of 20 ohms is connected in series with 
an inductance of 100 /nh and a capacitance of 0.05 /zf across a 10-v 
100-kc line. Determine the current and equivalent impedance. 

Exercise 7-21. An inductance coil having a resistance of 0.3 
ohms and an inductance of 1.5 /zh is connected in series with a 2-ohm 
resistor and a 10-/zf capacitor across a 5-v 40-kc line. Determine the 
difference in phase between the voltage across the coil and the voltage 
across the resistance. What is the difference in phase between the 
voltage across the coil and the impressed voltage? 

Resistance^ inductance, and capacitance in parallel 

When parallel circuits are encountered which involve capaci- 
tive reactance in one circuit and inductive reactance in the other, 
each circuit is solved by itself and each current is obtained. 
The total current is then found by the vector addition of the 
individual currents. This addition may be done graphically or 
by determining the sum of the parts of the current in phase 
with the voltage and the algebraic sum of those parts that are 
90 degrees out of phase. The equivalent impedance is deter- 
mined, as in other circuits, by dividing the voltage by the cur- 
rent. The tangent of the power-factor angle is determined 
from the ratio of out-of-phase current to in-phase current. 

Example. If the capacitor and the 6-ohm resistance of the pre- 
ceding illustrative example are connected in series across the 110-v 
line, and if the coil is also connected across the line to make a parallel 
circuit, determine the equivalent impedance, the current, and the 
power-factor angle. 

Solution: (1) Reactances may be taken from the preceding example. 


Zo = + z * = + 53 » = 


^36 + 2810 


= \/ 2846 = 53.4 ohms. 


tan Oc = 


X 

R 



8.83. 
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Be = -83.5°. 

Zi = = \/5* -1-30.12 = V25 -I- 906 

= VOSI = 30.5 ohms. 

30.1 

tan Bl = -r- = 6.02. 
o 

= 80.5^. 

(2) Determine partis of currents in phase with voltage and 90° out 
of phase. 

^ E 110 

r E 110 


In-phase current: 

/in phase = /c COS Bq + II COS Bl = 2.06 COS ( — 83.5°) + 3.61 cos (80.5°) 
= 2.06 X 0.112 + 3.61 X 0.165 = 0.231 + 0.596 
= 0.827 amp. 


Out-of-phase or quadrature current: 

/out of phase = /c SiU Be I L SiU Bl 

= 2.06 sin (-83.5°) + 3.61 sin (80.5°) 
= 2.06( -0.993) + 3.61 X 0.984 
= -2.05 + 3.56 
= 1.51 amp. 

(3) Determine total current and power-factor 
angle. 

/tow = Vo.8272 + 1.5P = Vo.685 + 2.28 
= V2^ 

= 1.72 amp. 



10=^2.06 Amperes 
^c=“83.5® 


►£ 

^t=*61.3° 

It “1.72 Amperes 


Il“ 3.61 Amperes 
dL“80.5* 


Fig. 7-23. 


1.51 

tan Bt - Q g 27 
Bt = 61.3°. 


1.83. 


(4) Determine the equivalent impedance. 



110 

1.72 


= 64 ohms. 
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Note. In the example above it should be observed that each of 
the individual branch currents is larger than the total or resultant 
current. When the resistance is low and the inductive reactance of 
one branch is equal to the capacitive reactance of the other branch, the 
branch currents may be many times the resultant current. 

Exercise 7-22. If a welding transformer is drawing 25 amp from 
a 120-v line and has a power factor of 0.7, what will the line current 
be when a capacitor of 300 /if is connected across the terminals of the 
transformer? The frequency is 60 cycles. 

Exercise 7-23. Determine the current drawn from a 240-v 250-kc 
source by a parallel circuit containing a capacitor of 300 /i/zf in one 
branch and in the other branch a resistance of 250 ohms in series with 
an inductance of 1.0 mh. Also determine the maximum instantaneous 
power input (a) to the capacitor, (b) to the inductive circuit, and 
(c) into the combined circuit. 

Exercise 7-24. A single-phase induction motor draws 4 amp from 
a 120-v 50-cycle line. The wattmeter reading is 300 watts. Deter- 
mine the capacitance of a capacitor which would bring the power 
factor up to 90 per cent. 

A-c circuits with series and parallel branches 

The analysis of a-c circuits has already covered series circuits 
and parallel circuits involving resistance, inductance, and 
capacitance. In many practical circuit problems there are 
parallel branches in series with other circuit elements. The 
analytical tools for carrying out such a computation have all 
been covered. The procedure is to determine the equivalent 
impedance of the parallel branches and add that impedance 
to the series element to obtain the total impedance. Usually 
the voltage across the parallel circuit is not given. In this case, 
a voltage equal to unity may be assumed so that the equivalent 
impedance of the parallel circuit may he determined. 

In order to illustrate this method of procedure and to show 
the completeness with which the series circuit may be analyzed 
by using the above methods, the following example will be 
solved. 

Example. A series-parallel circuit is shown in Fig. 7-24 with 
values of circuit constants as follows: 

Cl = 0.001 /if 
Ri = 100 ohms 
R 2 = 100 ohms 
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L 2 = 100 fih 
Lz ~ 80 /Lth. 

Rz = 50 ohms 

Determine the current in each portion of the circuit when 10 v at a 
frequency of 750 kc is impressed across the terminals. Draw a vector 
diagram of the currents and voltages and determine the voltage 
between the points a and h. 


b 



Fig. 7 - 24 . 


^solution: (1) Determine the reactance of all circuit elements. 

Y = JL = to*’ 

2wfG 27r X 750,000 X 0.001 
= —212 ohms. 

Xu = %rfL = 2t X 750,000 X 100 X 10"® 

= 472 ohms. 

Xu = 2irfL = 2ir X 750,000 X 80 X lO"® 

= 377 ohms. 


(2) Assume 1 v across the parallel branches (Ecd = 1 v) and 
determine the equivalent impedance of the parallel circuit. 

Zi = VRi^ + Xi^ = VlOO^ + 212“ 

= 234. 


di = tan“^~ = tan“^ 2.12 = —64.7°. 

E 1.0 

Z'l = 17- = 7^ = 0.00426 amp at an angle of 64.7 . 

Zd\ 

Z 2 = y/n-? + Xi^ = VlOO* + 4722 


= 482. 

= tan“^ = tan“^ 4.72 = 78°. 

K 

E 1.0 

/'2 = ^ = 0.00207 amp at an angle of —78°. 
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The portion of total current that is in phase with the voltage is 

7eq cos ^eq = COS + 1^2 COS 62 

= [(0.00426 X 0.427) + (0.00207 X 0.208)] 

= 0.00182 + 0.00043 = 0.00225. 

The portion of the total current that is in quadrature with, or 90° 
behind the voltage is 

/,q sin 0eq = 7'i sin di + sin $2 

= [0.00426 X 0.907] + [0.00207 X (-0.98)] 

= 0.00387 - 0.00203 = 0.00184. 

The equivalent current with 1 v across the parallel circuit is 
= V0.00225^ + 0.00184^ = 0.00291 amp. 

The impedance is 

^“■ = 6:0^ = 

iJ.q = Z.q cos S.q = 346 cos ( — 39.2°) 

= 346 X 0.773 = 268 ohms. 

.X^eq = 2.q sin 0.q = 346 sin (—39.2°) 

= 346 X (-0.630) = -218. 

(3) Determine the total impedance of the circuit and the total 
current flow. 

+ iis = 268 + 50 
= 318 ohms. 

= X., + Z, = -218 + 377 
= 159. 

Zu.ux = = \/318» + 1^= 

= 356 ohms. 

X 159 

Stotoi = tail-* ^ = tan-i ^ = 26.6®. 

, E 10 


or 28.1 ma at an angle of 26.6° lagging behind the voltage. 
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(4) The first portion of the phasor diagram, may now be drawn 
with the impressed voltage as the reference vector and the current ' 
of 28.1 ma lagging 26.6® behind the voltage. 

(5) Determine the voltage across the parallel circuit. 

E cd J eq 

= 0.0281 X 346 
= 9.7 V. 

From part (2) of the solution the voltage across the parallel circuit 
lags behind the total current by an angle of 39.2®. This voltage 
phasor may now be added to the phasor diagram, using the point c as 
the origin. 

(6) Determine the voltage Ede. 



Fig. 7-25. Vector Diagram for the Example of a Series-Parallel Circuit Analysis. 

Since the voltage across the terminals is Ecd plus Ede, the phasor 
voltage Ede may be obtained by completing the triangle in the diagram, 
Ede being drawn as indicated, having a magnitude of 10.7 v, and 
leading the total current by 82°. This may be computed as follows: 

Z, = VRz* + = Vso* + 377* = 380 

Ei. = /.ouiZs = 0.0281 X 380 
= 10.7 V. 

$z = tan— * -Tpjr = tan—* 7.5 = 82.5°. 

(7) Determine the eurrent in each of the parallel circuits. 

The current // was 0.00426, leading the voltage by 64.7° when 
1 V was impressed. When 9.7 v are impressed, Ii = 9.7 X 0.00426 



148 ALTERNATING-CURRENT CIRCUITS [Chap. 7 

= 0.0414 amp, leading that voltage by 64.7° or lagging behind reference 
voltage by 26.6° + 39.2° - 64.7° = 1.1°. 

Similarly, I2 = 9.7 X 0.00207 = 0.0201 amp, lagging 78° behind 
Eedy or 78° + 65.8° = 143.8° behind the impressed voltage Eee. 

(8) Determine the voltage between points a and h. 

Ecb = IiEi — 4.14 V at an angle of 1.1° lagging. 

Eca = I2R2 = 2.01 V at 143.8° lagging. 

Eab = Eac + Ecb = -E,a + E,^. 

The vertical component of Eab is 

-4.14 sin (-1.1°) + 2.01 sin (-142°) = 0.07 - 1.19 = -1.12 v. 

The horizontal component of Eab is 
-4.14 cos (-1.1°) + 2.01 cos (-143.8°) = -4.14 - 1.62 = -5.76 v. 

The magnitude of Eab is 

= ^5.75^ +1.1^ = 5.87 v. 

The angle is in the third fiuadrant and is ecpial to 

1.12 

0 = sin“^ — = —169°. 

o.o7 

The solution of the above example is long, but the solutions of 
complex a-c circuits are not short and simple. The foregoing method 
of determining the current and voltages in a series-parallel circuit 
will be effective in the solution of most circuits met in engineering 
practice. 

Concepts of resonance 

The phenomenon of resonance in an electric circuit is of par- 
ticular interest in radio, but it is also found in some electrical 
measuring instruments. It is desirable, therefore, that the stu- 
dent should obtain an elementary concept of the physical rela- 
tions involved. 

The name resonance comes from the characteristic of some 
objects to respond to or echo back sound.' Usually these objects 
respond only to the particular pitches to which they are tuned. 
The responses are of such high frequency and small amplitude 
that it is impossible to observe them without special instru- 
ments. A similar phenomenon may be observed in the pendu- 
lum clock. Here, the pendulum swings back and forth, shifting 
the kinetic energy of the pendulum due to the motion at the 
center of the swing to the stored potential energy of raised posi- 
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tion at the end of the swing. The slight impulse from an 
escapement wheel is all that is needed to keep this pendulum 
swinging back and forth. The amplitude of the vibration or 
movement is much greater than could be produced by a single 
impulse from the escapement wheel, but the regular impulse of 
the escapement is sufficient to replace the losses of energy in the 
friction and air resistance of the pendulum. 

Another manifestation of the same type of energy transfer 
is observed in electric circuits which have both inductance and 
capacitance. Both of these circuit elements were found to 
store energy for one quarter cycle and to return it on the next 
quarter cycle. Since the capacitor is storing energy when the 
inductance is returning energy, it is possible for the capacitor 
'and inductor to pass large amounts of energy from one to 
the other with the outside circuit supplying only the losses. 
This will operate most satisfactorily when the energy absorbed 
by the capacitor is just equal to the energy which is being 
discharged by the inductor and vice versa. In a series circuit 
the current is the same in both circuit elements. Since the 
voltage across the inductor increases with frequency, and the 
voltage across the capacitor decreases with frequency, there 
must be some frequency at which the two voltages are equal 
and at which the energy storage of the capacitor is equal to 
that of the inductor. This is called the resonant frequency. 
The voltage across the inductor as well as that across the 
capacitor may be several times the voltage of the line. 

When the coil and capacitor are connected in parallel, the 
voltage across each will be the same so that the currents must 
balance for the resonant condition. If the ratio of reactance 
to resistance is high, as it is in most radio circuits, the resonant 
frequency will be approximately the same for both series and 
parallel connections. 

Series resonant circuits 

If reference is made to the impedance diagram of Fig. 7-22, 
it will be seen that the equivalent impedance is considerably 
less than the impedance of either the capacitor or the coil by 
itself. Furthermore, if a variable capacitor were used, and 
if the capacitance of the variable capacitor were increased, the 
capacitive reactance would decrease. This might be continued 
until the capacitive reactance would be just equal to the induc- 
tive reactance. The circuit impedance would then be the 
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resistance only, which in this case is 11 ohms. Under these 
conditions the circuit would be in resonance. 

A series circuit is said to be in resonance when the inductive 
reactance in the circuit just neutralizes the capacitive reactance 
so that the equivalent impedance is due entirely to resistance. 
This condition may be obtained in practice by varying the 
capacitance of the capacitor, as was just indicated, or by vary- 
ing the inductance of the coil, or by varying the frequency. 
In any of the conditions above indicated the resistance of the 
circuit may usually be assumed to remain constant and the 



Fig. 7-26. Series Resonance — Variable Frequency. 


circuit impedance would, therefore, always have a constant 
resistance component. This would mean that regardless of 
how the reactances were shifted the circuit impedance would 
always fall somewhere on the line mn in the diagram of Fig. 
7-26 (a). If the inductive reactance were the larger, then the 
reactance would be located above the axis, as indicated by one 
of the impedances labeled Zl. If the capacitive reactance were 
the larger, the impedance would be as indicated by one of the 
Zc vectors. If they were equal, the impedance would become 
R. The manner in which the current* in this circuit varies with 
frequency (if the applied voltage is constant) is shown in Fig. 
7-26 (c). The current rises to a maximum at the resonant fre- 
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quency, as shown by Ir on the curve, but jt does not rise very 
high nor is the peak very sharp. In Fig. 7-26(b) the same cir- 
cuit is shown with considerably less resistance. 

It is observed that the current will rise to much greater 
magnitudes as resonance is reached and also that a slight varia- 
tion in reactance, due to change of frequency, will make a much 
greater proportional change in impedance, so that the curve is 
much steeper when the resistance is small. 

Since in radio circuits it is necessary to select the one desir- 
able frequency out of all of the many radio signals that are 
energizing the antenna, it is necessary to have circuits that 
will pass one frequency and keep the response to the others 
small. For this reason it is desirable to have circuits with a 
large ratio of reactance to resistance. 



CHAPTER 8 


Polyphase Alternating-Current Circuits 

Three-phase concepts 

Although single-phase a-c circuits are important in manj^ 
measuring devices, heating and welding applications, electric 
illumination, and other similar uses, the majority of industrial 
power systems are three-phase. 

Such a system of voltages may be produced by a single a-c 
generator with coils spaced at 120 deg, as shown in Fig. 8-1. 


Phase 0 



Fig. 8-1. An Elementary, Two-Pole, Three-Phase, A-C Generator. Coils are 

spaced at 120 deg. 

In this elementary generator a rotating electromagnet is so 
designed as to give a sinusoidally varying magnetic flux around 
the armature, as shown by the spacing of the flux lines. As the 
coils aa', bb', and cc' are successively cut by the air-gap flux, 
the polyphase voltages shown in Fig. 8-2 are generated. 

Each coil or phase may be considered as a single-phase gen- 
erator, and they may be connected as shown in Fig. 8-2 (a) . Each 
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phase is displaced from the other two by 12p deg in time phase. 
In a 60-cycle system, the phases come to a maximum in a regu- 
lar sequence of of ^ second apart, as is indicated in Fig. 
8-2 (b). The positive voltage indication of Coo indicates that the 
point a is more positive in potential than point o. When this 
voltage becomes negative on the diagram, it indicates that the 
point a of the circuit is negative with respect to o. When a is 



(a) Circuit representation of o three phase power 
source and a balanced resistive iood 



( b) Instantaneous voltages and currents in the 
above circuits 



( c ) The vector diogram 
of the voltoges and 
currents in (a) end 
(b) at left 


Fig. 8-2. Three-Phase Power Source with Independent Circuits to Balanced 

Independent Loads. 


positive with respect to o, the current will flow in the direction 
of the arrow marked ia, so that ia on the diagram is positive 
when Cao is positive. In order to simplify the analysis, a resistor 
Ri is assumed connected across the conductors a and o; so the 
current in the circuit will be in phase with the voltage. 

The voltage source between o' and h gives a voltage eho' which 
is of the same magnitude as eao but reaches its maximum value 
sec or 120 degrees later in time phase than Oa©. The circuit 
is connected to R 2 , which is a resistor of the same value as Ri. 
A current ib will result, which is of the same magnitude as 4, 
but which is in phase with Cho'- 

Similarly, there is a voltage source between 0 " and c to give 
a voltage Cco" that is of the same magnitude as eao but reaches its 
maximum sec or 240 deg after Cao- The resistor Rz con- 
nected across the circuit will have a current ic equal in magni- 
tude to ia, but which is in phase with 6co". 
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The voltage Cao will then follow Cco" by sec or 120 deg, 
and so the sequence will be continuous, each phase following the 
other by 120 deg. The currents will similarly follow each other 
by 120 deg if the impedance of the load is the same in each 
phase. 

The phasor diagram of the voltages and currents are shown 
in Fig. 8-2(c). The instantaneous power in each phase is pulsat- 
ing, as demonstrated in Chap. 7. The average power will 

Total unvarying 3 phase power-^ 



Fig. 8-3. Three Balanced Single-Phase Loads on Three Phases Produce Individual 

Instantaneous Power That Varies, But a Total Power That Is Constant. 

depend not only upon the current and voltage but also upon the 
power factor. When the instantaneous power of three phases 
having balanced currents and voltages* are plotted, as in Fig. 
8-3, it is found that the instantaneous sum of the power in all 
three phases is constant. This constant value is equal to three 
times the average power of each phase. The sequence of phases, 
therefore, provides a continuous flow of power from the genera- 
tor to the load. This is important because three-phase wind- 
ings make possible the manufacture of better and cheaper motors 
and generators. The construction and theory of these machines 
are covered in subsequent chapters. The present chapter is con- 
cerned with the relation of these voltages and currents combined 
in various ways. 

Three-phase four-wire circuits 

If the wires marked o, o', and o" in Fig. 8-2 are connected 
together at both ends, that is, at the power source and at the 
load, the voltage relationships of the individual phases will not 


* Currents and voltages in a three-phase system are said to be balanced when 
they are of the same magnitude in each phase and are displaced 120 deg in time. 
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be changed. This then results in a three-phase four-wire sys- 
tem, as is shown in Fig. 8-4. The currents in the phase wir^s 
a, h, and c of Fig. 8-2 will not be changed. The current in the 
return wire will, however, become the vector sum of the currents 
in the phase wires. In the case of the balanced circuit of Fig. 
8-2 both the vector and instantaneous sums of these currents 
are zero; hence no current will flow in the neutral wire. 



Fig. 8-4. Three-Phase, Four-Wire Circuit with an Unbalanced Lighting Load. 

If the loads on the individual phases are not balanced, as 
shown in Fig. 8-4, where two lights are connected across phase 
a, three across phase 6, and five across phase c, then the current 
in the neutral wire is the vector sum of the phase currents. 
This is shown in the phasor diagram of Fig. 8-4. In spite of 
the badly unbalanced loads, the current in the neutral is quite 
small, so that it is usual to use a neutral wire that is no larger 
than the phase wires. This permits a considerable saving in 
copper as well as in power loss in the neutral wire. 

This system of power supply is used extensively in indus- 
trial areas because it is possible to supply both Ughting and 
motor loads from the same system. In this arrangement the 
voltage of each phase is 120, and it is possible to supply the 
lights from any phase wire to the neutral. A balanced load is 
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not required but is desirable since it reduces power loss in the 
neutral and gives better system voltage. To calculate the volt- 
age drop in any phase, it is necessary to add the drop in the 
phase wire vectorially to that in the neutral. To get the termi- 
nal voltage, this drop must then be subtracted vectorially from 
the source voltage. 

Exercise 8-1. In a three-phase four-wire line that is 200 ft long, all 
wires are #8 copper, (a) If phase a supplies a load of 35 amp in lights 
by itself, what will be the voltage at the lights if the supply voltage is 
120 V per phase? (b) What will be the voltage at the lights when 
each phase supplies a load of 36 amp in lights? 

When a three-phase four-wire power system is used to sup- 
ply a motor as shown in Fig. 8-5, the motor winding is con- 
nected to the phase wires only. Since the currents are balanced 
their sum is always zero, and there is no need of the neutral wire. 



Pio. 8-5. A Three-Phase, Pour-Wire Power System Supplying a Three-Phase 

Motor. 
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The motor windings have inductance; so tl^ese currents will la^ 
behind the phase voltages producing them by some power- 
factor angle, such as 6. 

The voltages across the terminals of a Y-connected motor 
will be greater than the 120 v of each phase. In the phasor dia- 
gram it is shown that the voltage from a to 6 is the sum of Eao 
and Eob- From the geometry of the diagram the base angles 
of the isosceles triangle, having Ebc as a base and Ebo as one of 
the sides, are observed to be 30 deg. From this it follows that 

Eu = Vs Ebo 
= Vs X 120 v 
= 208 V. 

The three wires a, b, and c may therefore be treated as a three- 
phase source having a line-to-line voltage of 208. The line cur- 
rents will lag behind the line-to-line voltages by an angle equal 
to the power-factor angle plus 30 deg. This relationship 
between the phasor line current and phasor line voltage often 
causes confusion for beginning students, and a clear understand- 
ing of the development of this diagram is highly recommended. 

When both lighting and polyphase motors are supplied from 
the same circuit, the current in the neutral wire is the same as 
with the lighting alone. In order to measure the power in this 
system, it is necessary to measure the power supplied by each 
phase. This means that three w^attmeters must be used, and 
they will be connected with the current coil in the line wire and 
with the potential coil from line to neutral. 

Three-phase three-wire circuits 

Balanced load. One form of three-phase three-wire circuit 
is obtained by the type of connection shown in Fig. 8-5. It is 
noted that no connection is made to the neutral wire, and so it 
may be omitted. The connection forms a Y ; so it is called a 
Y-, or wye-, connected circuit. In most commercial circuits 
using the Y-connected source, the voltage is quite large. The 
system voltage is normally specified on the basis of line-to-line 
(ordinarily referred to as line) voltage. The phase voltage or 
voltage to ground will then be the line voltage divided by Vs. 
Thus, for a 60,000-volt line the phase voltage or the voltage to 
ground is but 60,000/ v 3 = 34,600. It is necessary to insulate 
only for the line-to-ground voltage in most cases, and so a very 
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considerable saving in insulator cost is obtained with this 
system. 

The power in this system is the sum of the powers in the 
phases and, since they are equal, it may be written 

P = SEtoIb cos 8. 

Since it is usual to define power in terms of line voltage and 
since Etc = VS Ebo, then 

P = Vs V3 Eboh COS 6 
= Vs Ei^Jh cos B, 

Omitting the subscripts since both current and voltage are line 
values, 

P = Vs El cos B, 

An alternate method of connecting the phase voltages is in 
the form of a ring or mesh. Since the diagram of this type of 
circuit is similar to the Greek letter A, such circuits are said to 
be delta-connected. It is noted in Fig. 8-6 that the vector sum 
of the voltages around the circuit is zero; therefore no current 
will flow in the windings of the power source when the load is 


a 



Fig. 8-6. A Three-Phase, Three- Wire, Delta-Connected System of Power Supply. 
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disconnected. Also the line voltage is equal to the phase 
voltage. 

When a load is connected to this system, the currents will be 
in phase with the voltages if the load is resistive. With the 
lighting load shown in Fig. 8-6 currents are in phase with the 
voltage. The line currents, however, will be the vector sum of 
the two individual phase currents connected to the line as shown 
in the phasor diagram. For instance, the current in line b is 
the sum of the currents flowing from b to c and from b to o. In 
the diagram this is shown as he plus Iba (the current Ita is the 
reverse or negative value of hb), which gives a value h- This 
current lags 30 deg behind Ebc, the line voltage. In the Y-con- 
nected circuit of Fig. 8-5 it was observed that the line current 
lagged the line voltage by an angle of 30 deg plus the power- 
factor angle. This conforms to the conclusion with the A cir- 
cuit, since in Fig. 8-6 a unity-power-factor load is assumed. 

Power in the A circuit is the sum of the powers in the phases. 

P = SEbchc- 

Since a unity-power-factor load has been assumed in this dia- 
gram, in order to make the equation applicable to balanced loads 
at other power factors, it will be necessary to insert the power 
factor; thus 

P = SEbchc cos 6. 

From the diagram Ib = V^3 I be 
so P = Vs Ebch cos 6 

= El cos d. 

This is the same as for the Y-connected circuit. It may be 
assumed, therefore, that the three-phase power in a balanced 
three-phase three-wire circuit is 

P = Vs El cos 8 

where E is the line-to-line voltage, I is the line current, and $ is 
the true or phase power factor. 

Exercise 8-2. Three loads consisting of a 100-ohm resistance and 
a 173.2-ohm inductive reactance are connected in Y and fed from a 
balanced 2300-v line. Determine (a) the line current, (b) the total 
power taken by the load, and (c) the total KVA. 

Exercise 8-3. How much current will be drawn from a 230-v 
three-phase line by a 25-hp motor at full load if it has an efficiency of 
0.85 and operates at 0.87 power factor? 
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Exercise 8-4. What size wire is needed to feed a 10-kva three- 
phase oven at 230 v? What voltage drop can be expected if the power 
run is 350 ft? What effect would this voltage drop have upon the 
energy supplied to the oven? 

Three-phase three-wire unbalanced loads 

In a three-phase circuit it is possible to connect a single- 
phase load across any pair of the three wires, provided the volt- 
age of the line corresponds to the rated voltage of the load 
device. The line currents will then be the vector sum (or dif- 
ference) of the two phases being supplied by the line wire. The 
numerical solution of unbalanced polyphase circuits is beyond 
the scope of this book. 

Polyphase circuits other than three-phase. Although three- 
phase circuits are by far the most important of the polyphase 
arrangements, there are other combinations that are sometimes 
used. For instance, one large city uses a distribution system 
where four phases are spaced at 90 deg in time phase with a com- 
mon neutral wire. Since the two alternate phases are in opposi- 
tion, it is possible to obtain both from the same transformer, and 
so such a system is sometimes called a two-phase system. 

Another instance of multiple phases is in the supply to large 
industrial rectifiers where the supply is divided into six phases 
spaced at 60 deg in time phase.* It is even possible to obtain 
a greater multiplicity of phases, but these will not be treated at 
length in this text. 


* See the discussion on rectifiers in Chap. 14. 
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Alternating-Current Measurements 

Measurement of current and voltage 

Many of the fundamentals of electrical measurement learned 
in connection with direct currents apply to alternating currents 
as well. On the other hand, changes must be made for many 
of the measuring instruments and for the interpretation of their 
readings. The first difficulty is that a-c current will produce 
zero average torque on the permanent-magnet moving-coil type 
of instrument, which is used so extensively for d-c measurements. 
The second is that power measurements must be made with a 
wattmeter, as the product of current and voltage is no longer a 
measure of power because of power factor. A third is that poly- 
phase circuits introduce specialized problems of measurement. 
There are other problems also, but these are the most important 
and most common. 

As in direct current the measurement of alternating current 
and voltage is fundamentally a measurement of current. A 



Fia. 9-1. Inclined-Coil Attraction Type of Meter. (Courtesy of General Elec- 
tric Co.) 
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dynamometer type of meter will operate equally well on direct 
or alternating current because the magnetic field reverses at the 
same time as the current in the moving coil. Thus a voltmeter 
of this type has the moving coil connected in series with the field 
coil and the resultant torque is proportional to the square of the 
current flow and to the square of the voltage. 

When this type of instrument is used for current measure- 
ment, it is often necessary to shunt most of the current around 
the moving coil. This shunt must have an impedance that has 
the same ratio of inductance to resistance as the moving coil, so 
that the current in the moving coil will be in phase with that of 
the field coil. Dynamometer-type instruments are excellent for 
power frequencies, but are expensive; hence they are not usually 
used, except for standard meters and other high-accuracy 
apphcations. 

A more common type of instrument used for current and 
voltage measurement is known as the iron-vane type. Although 
it is made in many different forms, they all have a common 
characteristic in that the movable element is a soft-iron vane 

attached to a shaft and a pointer 
which are mounted in jeweled 
bearings. The restoring torque 
is provided by a spring. The 
current being measured flows 
through a single fixed coil that 
produces a magnetic field of a 
magnitude proportional to the 
magnitude of the current. One 
form of this meter has one or 
two iron vanes that are inclined 
on the shaft. The coil is in- 
clined in such a way that, as 
the magnetic field becomes 
stronger, the shaft rotates to 
bring the vanes more nearly in 
line with the coil axis. This is 
shown in Fig. 9-1, and the meter 
is known as the inclined-coil at- 



Fig. 9-2. Iron-Vane Type of 
Meter. (Courtesy of Weston Electri- 
cal Instrument Corp.) 


traction type of meter. 

A second form uses a fixed 
and a movable soft-iron plate, as 


shown in Fig. 9-2. This construction produces corresponding 
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north poles on one end and south poles at the other end when 
the current flows in the coil. The polarity of both plates is the 
same, and so they repel each other. The rapid reversal of the 
polarity occurs simultaneously in both plates, and so the repel- 
ling action always produces torque in the same direction. 

When such meters are used as voltmeters, the coil is com- 
posed of a large number of turns of fine wire. When they are 
used as ammeters, a smaller number of turns of larger wire are 
used. The torque is approximately proportional to the square 
of the current; therefore, the scale is usually compressed at the 
lower values. There are special designs of iron-vane meters 
which permit adjustment of scale distribution so that an almost 
uniform scale is obtained. 

Although the iron-vane type of meter is very satisfactory for 
usual power frequencies, it is not suitable for higher frequencies. 
For measurements above power frequencies, therefore, either 
rectifier-type meters or thermocouple-type meters are used. 

In the case of the rectifier-type instrument a standard per- 
manent-magnet moving-coil type of meter is used with a full- 
wave rectifier. The circuit arrangement of such meters for both 
current and voltage measurement is shown in Fig. 9-3. The 
rectifier unit is shown at the left 
of the diagram. Current rat- 
ings of such meters are usually 
limited to a few milliamperes. 

The energy loss in the rectifier 
type of meter is only a fraction 
of that in the iron-vane meter, 
and so it is used occasionally in 
preference to that type of meter, 
even at a lower frequency. 

Although the scale is made to 
read rms volts, it is subject to 
errors when nonsinusoidal waves 
are used, since the torque is pro- 
portional to the average value of 
rectified current. Rectifier meters, using copper oxide or seleni- 
um rectifiers, are not usually satisfactory for frequencies above 
the audio range. Rectifier-type meters using crystals as the 
rectifier elements may be used at very high radio frequencies. 

In the thermocouple meter the current flowing through a 
resistor is used to heat a small thermocouple that, in turn, forces 



Fig. 9-3. Rectifier Type of Meter. 
(Courtesy of Weston Electrical In- 
strument Corp.) 
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an instantaneous torque proportional to the instantaneous 
power. Since the inertia of the element is ^relatively large, th^ 
deflection of the element will be proportional to the average 
torque and average power. 

To measure the power in a single-phase three-wire system, 
it is necessary to use two wattmeters, one for each side of the 
line. It is possible to mount both meter elements on the same 
shaft, in which case the total torque is the sum of the average 
torques of the individual elements. 

Measurement of power in three-phase three-wire systems 

Power in a three-phase three-wire system can also be accu- 
rately determined, regardless of wave form, power factor, or 
degree of unbalance, by the use of only two wattmeters; hence 
it is customary to measure it in this way. The connections for 
both Y- and A-connected loads are shown in Fig. 9-6. 

In order to prove that the reading of Wi plus W 2 will give the 
true power input to the load, an analysis of the instantaneous 



(a) (b) 

Fig. 9-6. Connections for Measuring Power in a Three-Phase, Three- Wire System 
by Use of Two Wattmeters. 


torques on the wattmeters will be made, placing no restrictions 
whatever as to the character or magnitude of the load imped- 
ances. For instance, in Fig. 9-6(a), to obtain a badly unbalanced 
load, the impedance between a and o may be a low value of 
resistance, the impedance between b and o may be a capacitor, 
and an inductance coil may be connected between c and o. 
Similarly, no restrictions are placed on the character of imped- 
ances or the extent of unbalance in the A-connected load. 

In the case of the Y-connected circuit of Fig. 9-6 (a), 4, ib, and 
ic are the instantaneous currents flowing in the line and in the 
individual phase impedances. The instantaneous voltages 
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across the phases are Cao, ^bo, and Cc©. The total instantaneous 
power is therefore 

P “ ^ad^a "f" ^bdi'b “f* Ccd^e» 

The voltage applied to the potential coil of TTi is Cac and to 
is 66c. The instantaneous torques on the wattmeters are equal 
to the product of the instantaneous currents and voltages, 
therefore 

Wi = eada, and W 2 = ehdb^ 

From the diagram it is seen that 

€ac ~ ^ao “l“ ^oc ^ao 
€’bc ~ ^bo “f” ^oc ^bo 


Also it may be seen that 


from which 
It follows that 


ia + 4 + ie — 0, 

ic ~ (4 "I” 4) • 


Wi + IF 2 = Cada + (*'hdh 

“ Cad^a “l~ ('co'^a “H ^'bd^b ^lo'i'b 

~ ^ad^a "b (^bdb ^co(da 4) 

= eaoia + e6o4 + e^dc 
= p. 

Since each wattmeter will average the instantaneous power, then 
the algebraic sum of the readings of Wi and TF 2 will give the 
true average power, regardless of the power factor or degree of 
unbalance.* 

A similar development using the A-connected load of Fig. 
9-6 (b) demonstrates the correctness with such a load. The 
instantaneous power is 

P “ ^aJb^ab “f" ^bdhc ^cd^ca* 

The wattmeters will read 

Wi = eadaj and W 2 = ehdb^ 

From the diagram 

4 ~ iab 4a and ib ~ i>bc 46 

= iab + 4c. 


* As will be described later, this is an algebraic sum since with balanced loads, 
and power factors below 0.5, one of the wattmeters will give a negative indication. 
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Then ^ 

JV 1 ”1“ TV 2 = Cacta H“ ^bc^b 

~ ^aciiab ”f“ ^*ac) "4" ^bci^bc ““ 

“ ^ac^ac 4“ ^bc^bc 4“ ^oftC^oc ^6c)* 

From the diagram it is seen that 

6ac ^bc ~ ^ac 4“ “ ^ob* 

Therefore, 

TF 1 4“ 2 ~ ^ac^ac 4” ^bc^bc 4“ ^ab^ab “ -F • 

The two wattmeters TFi and TF 2 will therefore give the instan- 
taneous power of the total circuit, and since they will each aver- 
age these instantaneous values over a cycle, the resultant read- 
ings of the two meters will give the true average power supplied 
to the load. 

Two wattmeters on balanced loads. Although the two watt- 
meters will correctly measure the power on unbalanced currents 
and voltages in a three-phase three-wire system, the majority of 
power-measurement problems deal with balanced loads, such as 
are encountered in polyphase motors. Since most students meet 
these problems in the laboratory, it is desirable that they be dis- 
cussed briefly. 

In the first place wattmeters are marked on the terminals to 
give an indication as to which potential terminal should be con- 
nected to the wire that passes through the current coil of the 
wattmeter. This marking is usually in the form of a ± mark 
on the potential terminal that is connected to the coil side of the 
potential circuit. 

If this marked terminal is connected to the current coil of 
the wattmeter, as shown in Fig. 9-6, and if the source of power 
is connected to the same side of the wattmeter for both W 1 and 
TF 2 , then the meters are correctly connected. If both read 
downscale, then the direction of current flow through the watt- 
meters should be reversed. 

Difficulty is often experienced in the laboratory because 
(after connecting the wattmeters properly on an induction 
motor test) one of the meters will be positive and the other 
negative. This usually occurs when the motor has no load.* 


* It is possible to check the correctness of the sign of the low-reading wattmeter 
by moving the potential connection of this wattmeter from the line containing no 
wattmeter to the line of the high-reading wattmeter. If this change causes the 
low-reading wattmeter to reverse, the meter was properly connected and its 
reading must be subtracted from that of the high-reading wattmeter. 
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It is wise, therefore, to apply a reasonable load to the motor to 
see if under load both meters do not give positive readings before 
changing connections. 

The phenomenon of a reversed wattmeter reading at low 
power factor may be explained by reference to Fig. 9-7, where 
it is shown that the current in the line lags behind the line volt- 
age by an angle of 30 deg plus the power-factor angle. The 
voltage vector Eac is shown in a dashed line, and the current and 
voltage vectors of TFi and of Tr 2 are tied together with an 




(o) (b) 

Fig. 9-7. Phasor Diagrams of Balanced, Three-Phase Loads and Their Associated 

Wattmeter Readings. 

irregular line. In this diagram the power factor is high, the 
power-factor angle being only 20 deg. It is observed, however, 
that the phase angle between the current and voltage of TF 2 is 
30 deg -|- 20 deg, or 50 deg, so that it registers considerably less 
than Wi. 

When the power-factor angle increases, the current vector 
drops farther behind the voltage vectors, and the difference in 
readings increases until at a power-factor angle of 60 deg the 
current of TF 2 will lag the voltage by an angle of 90 deg and a 
zero reading will be obtained. The power factor at 60 deg lag 
is 0.5, and with power factors greater than 0.5 both meters will 
read positive, whereas with power factors less than 0.5 negative 
readings will be obtained with one of the meters, as shown in 
Fig. 9-7 (b). In this figure a power-factor angle of 70 deg is 
assumed, which places the current in TFi lagging the voltage by 
70 deg — 30 deg = 40 deg and the current in TF 2 lagging the 
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voltage by 70 deg + 30 deg = 100 deg. '^en the angle of lag 
is greater than 90 deg, a negative reading results since the 
cosines of angles greater than 90 deg are negative. 

At low power factors it is necessary to reverse the connec- 
tions on one of the wattmeters to get a positive reading and thus 
determine the magnitude of the indication. When this is done, 
the true wattmeter reading is a negative value. When revers- 
ing the wattmeter, it is proper to reverse the current connections 
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Fig. 9-8. Chart for Power-Factor Determination from Single-Phase Wattmeter 

Readings. 

SO as to retain the coil of the potential circuit at the same approx- 
imate potential as the current coil. 

The ratio of the wattmeter readings is a very good indica- 
tion of the power factor of motors and other balanced loads in 
industrial plants. These ratios have been determined for 
various power-factor angles and plotted in Fig. 9-8. This 
curve will be found quite useful in testing both in the labora- 
tory and in industrial plants. 

Exercise 9-1. Determine the two single-phase wattmeter readings 
for a 5-hp 220-v three-phase 60-cycle induction motor taking 10 amp 
at 0.8 power factor. Draw the vector diagram. 

Exercise 9-2. A centrifugal pump is driven by a 25-hp 440-v 
three-phase 60-cycle 1150-rpm squirrel-cage induction motor. The 
power input is measured by two single-phase wattmeters, one of which 
reads 5000 w and the other of which reads 100 w. What is the power 
factor? What conclusions would you make as to pump output? 
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Exercise 9-3. The input to a 15-hp 220-v three-phase motor is to 
be measured using two single-phase wattmeters. The full-load effi- 
ciency of the motor is 88 per cent and the line current is 38 amp. 
Assuming full load on the motor, what is the reading of each watt- 
meter, the total power input, and at what power factor is the motor 
operating? 

Although the use of single-phase wattmeters to measure 
three-phase power is often preferable in the laboratory, the 
necessity of adding the readings is not satisfactory for most 
industrial metering. It is usual, therefore, for two wattmeter 
elements to be mounted on the same shaft to function as a poly- 
phase wattmeter. The resultant torque is the sum of the 
torques on both individual elements and so measures the total 
power. 

Power-factor measurement 

Power factor in single-phase circuits can be read directly on 
a scale by use of a power-factor meter, the principle of which is 
shown in Fig. 9-9b. In this meter the moving element has two 
coils that are crossed at approximately 90 deg. The main mag- 
netic field is supplied by the current, whereas the voltage sup- 
plies both crossed coils. One of the coils has current in phase 
with the voltage, while the other coil has current that lags 90 
deg behind the voltage because of the series inductance. If the 
current and voltage are in phase, then the axis of coil A will line 
up with the axis of the current coil. If, however, the current 
lags 90 deg, the axis of coil B will line up with the axis of the 
current coil. For intermediate conditions the crossed coils will 
assume a position depending upon the relative magnitudes of 
the torques of the two crossed coils. This meter does not have 
a spring, as no restoring torque is necessary. Numerous varia- 
tions of this principle are used for both single-phase and poly- 
phase power-factor meters. 

The Var-meter. An alternate interpretation and measure- 
ment method of power factor is by the use of the Var-meter. 
Power has been shown to be the product of the voltage and the 
component of the current that is in phase with the voltage, 
which is Ip, as shown in Fig. 9-5. A measure of the quadrature 
component of I would give a good measure of power factor, or 
rather the deviation of the power factor from unity. This meas- 
urement is made by the use of an ordinary wattmeter mechanism 
with a voltage applied that is 90 deg from the normal voltage. 
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Since most circuits are polyphase, this quadrature voltage ^s 
easily obtained by a pair of small autotransformers. The prod- 
uct of the quadrature component of current Ir and the voltage 
E is known as reactive voltamperes, or vars. This method of 
measuring the deviation from unity power factor is very accu- 



Fig. 9-9a. Single-Phase Crossed-Coil Power#-Factor Meter. Cutaway view. 



Fig. 9-9b. Diagram of Single-Phase Crossed-Coil Power-Factor Meter. 

rate at high power factors, and so this method is gaining favor 
in operating practice. 

Exercise 9-4. In an a-c circuit the meter readings are as follows: 
Voltage = 230 v 
Current = 14 amp 
Power = 2400 w 

Determine (a) the power factor and (b) the vars. 

A-c bridses — general 

The Wheatstone bridge with d-c voltage impressed was 
studied in Chap. 3. By applying Kirehhoff’s laws using vector 
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values, it is possible to develop a similar bridge for use on alter- 
nating current. It is, of course, necessary to have a sensitive 
a-c detector to replace the galvanometer. In Fig. 9-10 the a-c 
voltage impressed on the bridge is in the audio frequency range 

and the sensitive detector is 
a pair of headphones. The 
equations are tbe same as in 
the Wheatstone bridge, except 
that the quantities are all 
phasors. Thus 



l2 


1 2 ^ 2 . 


Il^ 

hz; 


and 


Fig. 9-10. General Wheatstone Bridge 
Diagram. 


Z — “ z 


The above phasor equation is 
a general one. In the following paragraphs several special cases 
of the general form will be discussed. 



Eflb 



Fig. 9-11. An Inductance Bridge Using a Variable Bridge Arm. 

Inductance bridge. If in the circuit of Fig. 9-10 Z\ and 
are resistors, then the balance equation becomes 

Z =—Z 


Such a bridge, in which the unknown impedance is an induct- 
ance coil, is shown in Fig. 9-11. The vector diagram for the 
current and the voltage drops around the — Lx side of the 
circuit is also shown in the figure. 
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Since resistors have a zero impedance angle, the ratio of R2 
to Ri becomes a real number and the power factor of Z* must b 6 
equal to Z,. This is not the usual condition; hence it is neces- 
sary to insert a small resistance in the circuit of either Z, or Z* 
in order to adjust the power factor until they are equal. In the 
diagram it is assumed that the power factor of the standard is 
the lower one and the resistance is inserted in that branch of 
the circuit. 

In the phasor diagram the voltage drop I2R2 determines the 
potential of point c. The potential of point d is determined by 
IiRi] and since potential of points c and d must be the same at 
balance, then Ii must be in phase with 1 2- Not only must it be 
in phase, but the magnitude of IiRi must equal l2R2- This 
requires that a balance be obtained in both magnitude and phase 
angle. , 

If R2 is equal to Ei, then the bridge becomes a direct com- 
parison bridge, and a variable stanc^d, inductor may be used 
to balance for the magnitude of the Inductance while the vari- 
able resistor R^ is used to balance for the phase angle. The pro- 
cedure is normally to adjust the inductor L, until a minimum 
tone is obtained in the headphones and then to adjust i?* until 
a new minimum is reached. After this sequence is followed 
several times, it is usually possible to obtain a satisfactory 
balance. 

Sometimes fixed standards of inductance are used, in which 
case it is necessary to vary the ratio of R2/R1 to obtain a bal- 
ance. The Rs power-factor correction is still required. 

Capacitance bridge. It is possible to use the same bridge 
for comparing the capacitance of capacitors. Since variable 
standard capacitors are more common than variable standard 




Fig. 9-12. Capacitance Bridge Using a Variable Standard Condenser. 
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drops in the standard side of the bridge, will be identical with 
that of the unknown side. 

A rather unusual application of this bridge is made by the 
Foxboro Company for temperature (and other types of indus- 
trial) measurement. In this case a variable capacitor is used 
to measure the variation of resistance in a coil located in the 
temperature well. The diagram of this circuit is shown in Fig. 
9-13, and the meter itself is shown in Fig. 9-14. An electronic 
amplifier detects an unbalance and rebalances the circuit. 
Variations in the magnitude of the capacitor setting are recorded 
directly on the circular chart. 



CHAPTER 10 


TransFormers 

Use and characteristics of transformers 

The transformer, which is to be studied in this chapter, is 
an electrical unit that makes a major contribution to the use- 
fulness of the a-c power system. With it the pressure-flow or 
voltage-current relations in a circuit may be changed with very 
little power loss and at relatively low equipment cost. Trans- 
formers consist of primary and secondary coils of wire wound on 
a common magnetic core. These coils are electrically insulated 
from one another, but the power transfer is accomplished through 
the common magnetic field in the laminated steel core. The 
efficiencies of transformers usually range from 96 per cent for 
small units (of about 1 kw) to 99 per cent or even higher in some 
of the very large units. 

With transformers, power generated at hydroelectric power 
sites at comparatively low voltage is stepped up in voltage and 
transmitted over high-tension power lines to cities and indus- 
trial plants. It is then stepped down by similar transformers 
to voltages that can be advantageously used in the city or plant. 
It is quite common to have several steps of voltage reduction in 
order to obtain the most economical power distribution and 
utilization system. 

Fundamental transformer theory 

Mutual inductance was defined in Chap. 4 as the circuit 
characteristic whereby a rate of change of current in the pri- 
mary circuit would produce a voltage in the secondary circuit. 
In a transformer the normal alternation of current in the primary 
causes a change of flux that, in turn, produces the secondary 
voltage. 

A simple form of transformer is shown in Fig. 10-1. Here a 
coil of wire with Np turns is wound on a common magnetic core 
with a second coil having turns. The first coil, which is nor- 
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mally connected to the power source, is called the primary, apd 
the second is termed the secondary. It may be assumed, as a 
first approximation, that the fiux is restricted to the magnetic 
core, and therefore all of the flux that links the primary also 
links the secondary. When an a-c voltage is applied to the pri- 
mary coil, an a-c current flows that causes a flux in the trans- 
former core that varies in magnitude sinusoidally with time. 
As explained in Chap. 7, the flux set up in an inductance (the 
transformer primary is an inductance) produces a voltage that 


E 




-►E’d 


Fig. 10-1. Elementary Transformer Diagram — No Load. 


is equal to and opposes the impressed voltage. Since the flux 
links both primary and secondary coils, the voltage per turn is 
the same in each coil and the internal voltages of the coils are 
proportional to the number of turns. Expressed mathemati- 
cally this gives 

Ep _ ^ 

E. ~ n: 

Transformer phasor diagram, no load. The analysis of elec- 
tric circuits is greatly aided by the use of phasor diagrams, and 
these diagrams are similarly very helpful in the analysis of 
transformers and other electrical machinery. Not only is a 
simple iron-core transformer shown in Fig. 10-1 in diagram- 
matic form, but there is also supplied a phasor diagram of the 
voltages, the flux, and the exciting current. The impressed volt- 
age Ep causes a current Im to flow. Since the inductance is very 
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high, this current lags almost 90 deg behind the voltage and 
causes a flux which also lags 90 deg behind the primary voltage 
in time phase. This flux, as indicated in the diagram, sets up a 
voltage E'p in the primary coil (which is equal and opposite to 
the impressed voltage) and a voltage E, in the secondary coil. 
Since there are twice as many turns in the primary as in the 
secondary coil, the secondary voltage is only one-half of that of 
the primary ; and the transformer is a 2 : 1 step-down transformer. 
This diagram assumes no secondary current and, therefore, rep- 
resents the no-load condition. 

Transformer phasor diagram, with load. If a load is con- 
nected to the secondary coil of the transformer, as indicated in 


Zl 




Fig. 10-2, a current will flow, with a magnitude and power factor 
determined by the impedance of the load. When this current 
flows in the secondary coil, it produces magnetomotive forces 
that tend to change the flux and disturb the previous balance 
of primary voltages. If resistance and reactance drops within 
the transformer are neglected (in normal transformers they 
amount to only a few per cent), the voltage produced in the 
primary E'p must, at all times, be equal and opposite to the 
impressed voltage Ep. Since the impressed voltage is assumed 
as constant, the primary voltage E'p must also be constant; and 
the flux in the core must also remain con^stant not only in mag- 
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nitude but also in phase. In order for this to be true, a curresnt 
must flow in the primary, which will neutralize the magne- 
tomotive force of the secondary coil. In the case of the 2:1 
transformer under discussion, only half as much current is 
required in the primary as in the secondary to produce equal 
ampere-turns. 

A more general statement that is very useful in the analysis 
of transformers is that, neglecting exciting current, the ampere- 
turns of the primary are always just equal and opposite to the 
ampere-turns of the secondary. Stated mathematically, this is 


and 


= N.I„ 

Up 

I. nJ 


where I'p is the primary load current and 7, is the secondary 
current, as shown in the vector diagram of Fig. 10-2. The total 
primary current then becomes the vector sum of the primar}" 
load current I'p and the exciting current 

It is noted that if the secondary current lags behind the 
secondary voltage, then the primary current will lag behind the 
primary impressed voltage. Similarly, if the load impedance 
is such that it draws a leading current from the secondary, then 
the primary current is also leading. The secondary load is 
therefore accurately reflected in the primary, except that the 
primary current is equal to the secondary current multiplied by 
the reciprocal of the ratio of primary to secondary turns. 
Furthermore, the product of the current and voltage in the 
secondary is equal to the product of the load current and volt- 
age in the primary. 

The transformer acts, therefore, as a device for changing the 
impedance of a load as it appears to the primary circuit. In 
the 2 : 1 transformer under discussion the current in the primary 
is only half that in the secondary, but the primary voltage is 
twice that of the secondary. Thus, the secondary load imped- 
ance must be multiplied by the square of the turns ratio in 
order to determine the equivalent impedance to the primary 
circuit. Thus, 



Example. A 10-ohm resistor is connected across the , secondary of 
a 2400 to 240-v transformer. What impedance does this circuit 
present to the primary or 2400-v circuit? 
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Solution: 

z, = Z, = 10* X 10 = 1000 ohms. 

Exercise 10-1. A load composed of a resistance of 8 ohms and an 
inductive reactance of 12 ohms is connected to the secondary of a 
2300/230-v transformer.' What impedance is presented to the 2300- 
volt line by the transformer and its load? 

Exercise 10-2. A 22,000/6600-v transformer has 1000 turns on 
the high-tension winding, (a) How many turns will be on the low- 
tension winding? (b) What cross-section must the iron core have in 
order that the maximum flux not exceed 100,000 lines /in.*? 

In the foregoing analysis it was assumed that all of the flux 
linking the primary also linked the secondary. This is not 
entirely true since the opposing magnetomotive forces of the 
two coils cause some flux to pass across the air gap, as indicated 
in the top diagram of Fig. 10-2. A more accurate analysis will 
be given as soon as the construction of transformers has been 
discussed. 

Construction of transformers 

The objective of the design and construction of ordinary 
transformers is to have the two windings interlaced as intimately 
as possible, consistent with insulation requirements and with 
cooling. These windings are provided with a closed magnetic 
path composed of laminated sheet steel. This path or core has 
sufficient cross-section so that only a small magnetizing current 
is required and low iron loss results. Many of the smaller trans- 
formers achieve this objective by wrapping the primary and 
secondary in form-wound coils, as shown in Fig. 10-3. These 
are then joined magnetically by wrapping a long sheet of steel 
in a compact spiral to form a short and efficient magnetic cir- 
cuit. The spiral-wound core is shown in Fig. 10-3 after it has 
been formed and annealed but before it has been wrapped into 
the coils. After these transformers have been assembled, they 
are placed in a weatherproof tank, which is filled with oil to 
improve insulation and cooling. A careful inspection of the 
coil group in the figure will reveal wooden spacers, located at 
the ends of the coils, which produce openings in the winding 
through which the oil may circulate. The electrical connec- 
tions are brought out of the case through porcelain insulators 
known as bushings. In these small distribution transformers 
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the primary or high-voltage connections are brought out on one 
side of the transformer case, while the secondary or low-voltage 
connections are brought out on the other side. 

Different manufacturers use quite different forms of con- 
struction for these transformers. Some very excellent engineer- 
ing has increased the efficiency and reduced the cost of trans- 



Fig. 10-3. Windings of G-E 10-kva Spirakore Transformer with Two Sections of 
Core before They Are Cut into Short Lengths. 


formers. The fundamental objectives illustrated above are the 
same in all designs. 

In the larger, higher-voltage transformers the magnetic core 
is constructed of rectangular sheets of transformer steel. The 
corners are so arranged that the sheets are interleaved to form 
an essentially continuous magnetic circuit. The core is com- 
pletely assembled except for the top. The low-tension coils are 
then wound on fiber cylinders, dipped in varnish, baked, and 
are then ready for assembly on the core (as shown in Fig. 10-4). 
One set of coils are usually for high voltage, so special attention 
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must be given to the problem of insulation. The high-tension 
winding is often made of a number of separate coils insulated 
from each other and, of course, from the secondary winding and 
the core. The separate high-tension coils are connected in 
series, but the separation of the coils protects the winding from 




Fig. 10-4. Construction of a Large, 
Single-Phase Power Transformer, (a) 
Core before coils have been placed, (b) 
Cross-section of the core at A-A. (c) 
Low-tension windings on both legs and 
high-tension winding on the right leg. 


lightning and switching surges that might otherwise puncture 
the insulation. In the drawing of Fig. 10-5, half of a large 
high-voltage transformer is shown with coils in cross-section. 
In this diagram the insulating cylinder, on which the low-tension 
coil is wound, may be seen. There is enough space between 


TRANSFORMERS 


183 


Chap. 10] 

this cylinder and the core to permit ^ome flow of cooling oil. 
Since this flow is inadequate to remove all of the heat produced 
in the core, an oil duct is provided in the center of the core. The 
high-voltage cylinder is sufficiently large that oil flow may be 
obtained between it and the low-voltage coil, and is held in place 
by wood or fiber spacers located around the coil. These spacers 



Fig, 10-5. Schematic Diagram Showing Arrangement of Core and Coils of a Power 

Transformer. 

are placed vertically so as not to interfere with the oil flow. The 
individual high-voltage coils are then assembled on the outside 
of the high-voltage cylinder and carefully braced and tied in 
position so that heavy short-circuit currents will not move or 
twist them. After the secondary and primary coils have been 
assembled on both legs of the transformer, the top of the core is 
assembled and clamped. The series and parallel connections 
are made to the coils and the terminal leads are provided. The 
entire assembly is then placed in a large tank and filled with 
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Fig. 10-G. A 12,000 kva, Three-Phase, High-Voltage Transformer. 


insulating oil. The tank is usually provided with radiators 
arranged to cool the oil. The top of the tank is provided with 
porcelain bushings through which the high-tension and low-ten- 
sion leads are brought out. 

The oil-cooling system operates on a convection principle. 
The oil flows up through the coils and core as it is heated and 
then out to the radiators and down through them as it is cooled, 
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the energy of the losses being absorbed in heating the oxltside 
air. Figure 10-6 shows an exterior view of a large high-voltage 
transformer. 

The cores for transformers are of several different forms. 
The small transformer of Fig. 10-3 uses one set of coils with a 
split magnetic circuit, wound with an exterior section on either 
side of the transformer. Such construction is called a shell type. 
The large power transformers shown in Fig. 10-4 and 10-5 have 
two sets of concentric coils mounted on the two legs of a single- 
circuit magnetic core. Such a transformer is called a core-type 
transformer. Each type has some advantages, although by 
properly designing the proportions of the core and coils it is 
possible to obtain eflBcient and satisfactory designs in both 
forms for almost all sizes of transformers. 

As indicated above, oil is the most satisfactory cooling and 
insulating medium for general use. It has high dielectric 
strength, low viscosity, and does not sludge, therefore it is 
used on most outdoor transformers. Oil is combustible, how- 
ever, and special fire protection must be provided where oil- 
filled transformers are located in buildings. Since such precau- 
tions are expensive where transformers are installed inside of 
buildings, it is common practice to use air-cooled transformers 
in small sizes and to substitute pyranol or a similar noncombus- 
tible liquid for the oil in the larger high-voltage transformers. 

Leakase reactance 

It has been seen that most transformers have a definite sep- 
aration between primary and secondary coils to provide for insu- 
lation and flow of the cooling medium. It was also learned in 
a previous paragraph that the magnetomotive forces of the pri- 
mary and secondary load currents were equal and opposite. 
Since these load currents are quite large, the magnetomotive 
forces are also large and cause a very considerable flux to exist 
between the coils. In Fig. 10-7 a cross-section diagram of the 
core and coils of the transformer of Fig. 10-6 is shown. The 
high-tension coils produce (at the particular instant shown) a 
magnetomotive force tending to send flux in a counterclockwise 
direction around the core. The secondary coils produce an 
equal and opposite magnetomotive force. These two opposing 
magnetomotive forces produce a net difference of magnetic 
potential in the space between the coils with resultant flux in 
the air space as shown by the flux lines indicated in the diagram 
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as <f>L. This flux varies with the total primary and secondary 
current and, therefore, is not in time phase with the main flux in 
the core, which is in phase with the exciting current of the pri- 
mary winding. The variation of this leakage flux produces 
voltages in the primary and secondary windings, which may be 
considered as reactance drops. The magnitude of this flux is 
seen to depend upon the reluctance of the magnetic path between 
primary and secondary coils and upon the net magnetomotive 



Fig. 10-7. Leakage Flux in a Transformer under Ijoad. Note: indicates 

path of leakage flux. This is independent of the main flux <#>„ and is in time phase 
with load currents rather than normal exciting current. 


force acting on the path. It is noted that in the transformer 
of Fig. 10-7 only half of the total primary or secondary mag- 
netomotive force acts across either leakage path. The same 
situation is obtained in the shell-type transformer by placing 
the high-tension winding between the two halves of the second- 
ary winding. 

The effect of the leakage flux and of the coil resistance on the 
phasor diagram is shown in Fig. 10-8. In this diagram different 
voltage and current scales are used on primary and secondary 
so that the primary and secondary induced-voltage phasors are 
of the same magnitude. The primary load-current phasor is 
the same magnitude as the secondary current phasor. This is 
important to a clear presentation of the diagram where fairly 
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large ratios of transformation exist. ^The voltage induced by 
the main transformer flux is assumed as the reference phasor. 

The secondary terminal voltage must be less than the 
induced voltage by phasor voltages necessary to overcome 
resistance and leakage reactance. Similarly, the primary ter- 



Fig. 10-8. Transformer Phasor Diagram with Lagging Load. 


minal or impressed voltage must be greater than the primary 
induced voltage by the phasor voltage necessary to overcome 
the resistance and leakage reactance drops of the primary.* 

In most transformers the leakage-reactance drops of pri- 
mary and secondary will each be from 3 to 5 per cent of rated 



Fig. 10-9. Transformer Phasor Diagram with Leading Load. 


voltage at full-load current, while the resistance drops will be 
from ^ to 1^ per cent of rated voltage. Thus, the impedance 
triangles are very small as compared to the figure above, which has 
from 15 to 20 per cent reactance drop in each. Furthermore, 


* One other minor change is made in the diagram and that is in the magnetizing 
current phasor. It is given a small component in phase with the impressed 
voltage to supply the iron losses in the transformer, as will be discussed later. 
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the effect of these drops on terminal voltage will depend upon 
the power factor of the. load current. 

In the case of a leading current, as shown in Fig. 10-9, the 
reactance voltage drops will tend to make the secondary voltage 
greater under load than at no load. This characteristic is used in 
order to obtain a small amount of voltage adjustment on cer- 
tain types of electrical machinery. 

Exciting current 

The flux in the core changes sinusoidally with time in order 
that a voltage, equal and opposite to the impressed voltage, 
may be induced in the primary winding. A magnetizing cur- 
rent in the primary winding produces a magnetomotive force 
sufficient to supply this sinusoidal flux. In a magnetic circuit 
composed entirely of iron the magnetomotive force necessary 
for a flux that is continually reversing may be obtained from the 
hysteresis loop. This magnetizing current is nonsinusoidal, 
rising to a peak as the maximum flux is approached. 

If the voltage is increased, the maximum value of flux must 
also increase in the same ratio. Since it is customary to design 
transformers to operate with maximum flux densities just V)elow 
the knee of the magnetization curve, it follows that a relatively 
small increase in voltage and flux will cause a large increase in 
exciting current. Transformers will, therefore, overheat if 
operated at more than 10 or 15 per cent above rated voltage. 
Transformers, however, may be operated at voltages lower than 
rated as long as the current rating of the transformer is not 
exceeded. (For instance, a 10-kva transformer may be oper- 
ated at half-voltage as long as the normal current for 10 kva at 
rated voltage is not exceeded. It would not be possible to sup- 
ply a load in excess of 5 kva at half voltage.) 

The effect of frequency on transformer design and utilization 
is of particular interest to aeronautical engineers. Since the 
voltage induced in a transformer is proportional to the rate of 
change of flux, an increase in frequency will reduce the maxi- 
mum flux and thus will make possible a reduction in the size of 
the transformer. Since weight is important, the frequency of 
400 cps has been established as preferred for electrical systems 
in aircraft. (It is not possible to use 400-cycle transformers 
on 60 cps unless the voltage is reduced to 60/400 of the rated 
value.) 



Chap. 10] TRANSFORMERS 189 

Transformer losses and efficiency / , 

The losses of transformers are similar to losses of d-c ma- 
chinery, except, of course, that there are no friction and windage 
losses. The iron losses are particularly important since they 
are constant and since transformers are normally connected to 
the power lines 24 hours per day. 

The iron losses are of two types. The first is caused by 
hysteresis, a type of molecular or domain friction loss described 
in Chap. 2. This loss, which occurs on each reversal of the 
direction of the magnetism, is dependent upon the composition, 
rolling, and heat treatment of the iron. The loss per cycle for 
any particular material and core assembly will vary in accord 
with the maximum flux density. The hysteresis loss is propor- 
tional to the area of the hysteresis loop for any material, and 
the area of the loop has been found to vary approximately as 
the 1.6 power of the flux density. Thus, the hysteresis loss in 
transformers may be assumed to vary as the 1.6 power of the 
voltage. It will also vary directly as the frequency since the 
same energy loss occurs each cycle. 

The second type of iron loss is the result of eddy currents. 
Figure 10-10 shows an end view of laminations, the thickness 



Fig. 10-10. Eddy-Current Paths in a Laminated Iron Core. 

of which has been enlarged for purposes of demonstration. 
Magnetic flux perpendicular to the plane of the paper is assumed 
to be varying rapidly in magnitude, thus producing a voltage 
around the periphery of the lamination. This voltage causes 
a current to flow in the iron of the lamination as indicated by 
the lines with arrows in the diagram. Energy is transferred 
to heat by this current flowing through the resistance of the iron. 

The manner of variation of this loss with thickness may be 
analyzed as follows. When the thickness of the lamination is 
reduced, for instance, to one-half of its former thickness, then 
the flux producing the voltage for the eddy current is also cut 
in half. The resistance of the path of the current is doubled 
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since the cross-section is reduced to one-half. The current will 
therefore be reduced to approximately one-fourth of its previous 
value. Since the power is equal to PR, the power for a single 
lamination is equal to (D* X 2 = ^ of the previous value. 
Since two laminations would be required for the same previous 
flux, the net eddy current loss for the same volume of iron would 
be \ of the previous value. It may be concluded that the eddy 
current loss varies approximately as the square of the thickness 
of the laminations for a fixed condition of flux and frequency. 

The variation of eddy current loss with maximum flux den- 
sity at a fixed frequency is again based on the fact that the cur- 
rent varies directly with voltage, which, in turn, varies directly 
with flux density. Since the loss varies as the square of the 
current, the loss may be said to vary as the square of the maxi- 
mum flux density, or voltage, at any specified frequency. 

If the flux density is held constant, the rate of change of flux 
varies directly with frequency. This change of flux causes the 
voltage and the eddy currents, so the loss may be said to vary 
as the square of the frequency, if the maximum flux density is 
held constant. The rapid increase in loss with frequency 
requires the use of very thin laminations at liigh frequencies. 

It has been demonstrated that both types of iron losses vary 
with frequency and maximum flux density. Curves may be 
obtained from the manufacturers of electrical steel sheets, which 
give these losses per unit volume or unit weight for varying maxi- 
mum flux density at different frequencies. The important char- 
acteristic of these losses from an operating point of view is that 
they are essentially constant with time in a given installation, 
since both impressed voltage (and thus flux density) and fre- 
quency are constant in the normal usage of transformers. The 
iron losses of power transformers are, therefore, normally 
assumed constant. 

The above explanation of the iron losses of a transformer will 
hold with very minor variation for the iron losses in any type of 
electrical machine, whether it be alternator, induction motor, 
d-c motor, or d-c generator. The student should, therefore, 
understand that this explanation will not be repeated for each 
machine, but that when iron losses are referred to they are of 
the above types. 

In addition to the constant iron losses in the transformer, 
there are also losses caused by the load current flowing through 
the resistance of the coils. Since the coils are made of copper 
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wire, they are usually referred to as copper losses and, of cpurse, 
vary as the square of the load current. 

Any machine that has both constant losses and losses that 
increase with the square of the load will have a maximum effi- 
ciency at the load where constant and var 5 dng losses are equal. 
Since the iron losses are continuous and the copper losses occur 
only during the time the transformer is loaded, it is usual for the 
designer to hold the iron loss low. The maximum transformer 
efficiency normally occurs, therefore, at one-half to three- 
quarters of full load. 

Exercise 10 - 3 . A 20-kva transformer has an iron loss of 250 w 
and a full-load copper loss of 500 w. Plot the efficiency against the 
percentage of full-load current. 

Exercise 10 - 4 . A 100-kva, 6900/230-v transformer has an iron 
loss of 900 w. The copper losses are divided equally between primary 
and secondary windings. If the full-load efficiency is 97.4 per cent, 
determine the resistance of both primary and secondary windings. 

Exercise 10 - 6 . A 50 kva 2300/230 volt 60-cycle single phase 
transformer has a core loss of 400 w and a full-load copper loss of 
600 w. What is the efficiency when carrying 40 kw at 0.9 power 
factor? 

Transformer rating 

Transformers are rated on the basis of frequency, their pri- 
mary and secondary voltages, and on the current that they will 
carry without overheating. 

Nearly all industrial transformers are designed for and used 
on 60-cycle circuits. A reduction in frequency produces an 
increase in flux equivalent to a corresponding percentage increase 
in voltage. 

The specification of voltage gives the voltage at which effi- 
cient use is made of the iron core. If a lower voltage is used, 
the flux density is lower and the transformer will operate satis- 
factorily as long as the current limits are not exceeded. It will 
not, however, put out its full power rating since the voltage is 
low. If, on the other hand, the transformer is used on a higher 
voltage, the exciting current and iron losses increase rapidly, 
thus causing overheating even with no load. Since trans- 
formers are usually designed fairly liberally, a voltage increase 
of 10 per cent above rated voltage will not cause difficulty, but 
voltage in excess of this amount may be expected to cause exces- 
sive heating. 
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The main limitation of transformer loading is that of tem- 
perature, which is determined by the losses of the transformer, 
the cooling system, and the temperature of the outside air 
(except where water is used as a cooling medium). In any 
particular transformer the cooling system is fixed, and so the 
temperature is primarily dependent upon the losses that are 
converted to heat within the transformer. The iron losses 
have been indicated as constant for constant-voltage trans- 
formers; hence the load limits are set by the copper losses that 
are, in turn, dependent upon load current. The load that any 
transformer will carry without overheating can, therefore, be 
specified in terms of the product of the rated voltage and the 
current. This gives an answer in terms of volt-amperes or 
kilovolt-amperes. Thus, a transformer is normally specified as 
having a certain kva capacity with specified primary and second- 
ary voltages. The name plate will also show possible series or 
parallel coil connections, and taps to make slight adjustments in 
the voltage ratio; it may also specify the equivalent leakage 
reactance. 

Because transformers are rated for continuous load, they 
may usually be overloaded without damage for short periods of 



Time in hours 

Fig. 10-11. Length of Time for Transformers to Come to Limiting Temperature 

with Various Loads. 

time, provided they have not previously been operating at full 
load. On cold days the rated temperature rise above the air 
will still leave the operating temperature appreciably below the 
danger point. In operating transformers the actual tempera- 
ture of the transformer is the danger criterion rather than the 
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instantaneous load. The load that ihay be carried by one type 
of transformer for short periods is shown in Fig. 10-11. 

Exercise 10-6. How large a transformer would be required to 
supply a 230-v, 40-amp load at 70 per cent power factor? 

Exercise 10-7. A 20-kva, 4100/230-v transformer is normally 
carrying one-half of the rated load on a construction job. It is pro- 
posed to load it to 200 per cent for an hour and a half. As supervising 
engineer, would you approve this proposal? What factors not 
included in the problem might affect your decision? 


Parallel operation of transformers. The requirements for 
parallel operation of transformers are as follows : 

(1) The voltage rating of the two transformers should be 
approximately the same. 

(2) The ratio of the primary to secondary voltage should be 
exactly the same in both transformers. 

(3) The impedance drops of the two transformers should be 
about the same when carrying rated load. 

Thus, a 2300/230-v transformer might be operated in parallel 
with a 2200/220-v transformer. They would each carry the 
proper portion of the load if 
their impedances were in- 
versely proportional to their 
ratings. Usually, if the first 
two conditions are satisfied, 
the two transformers may 
reasonably be expected to 
operate satisfactorily in 
parallel. 

The manner of making 
such parallel connections is 
shown in the diagram of Fig. 

10-12. Since standards of 
polarity have been observed 
only during recent years, 
care should be taken to 
check the polarity or direc- 
tions of voltage before connecting them. If they are connected 
physically identically but are of a different polarity, a bad short 
circuit will result. It is wise, therefore, to test the voltage 
around the secondary loop with a voltmeter before connecting 
the two transformers in parallel. If a voltage equal to twice the 


2300 

Volts 













Fig. 10-12. Connections for Parallel 
Transformers. 
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rated secondary voltage of the transformer appears, a reversal of 
one pair of leads externally will correct the difficulty. 

Polyphase transformer connections 

Three-phase power is commonly supplied to industrial users 
at potentials of from 2000 to 11,000 v. These voltages must be 
stepped down to lower voltages for distribution within the 
industrial plant. This step-down is provided by transformers, 
and several connections may be used. 



Fig. 10-13. A-Y Transformer Diagram. 


The first to be discussed is the A-Y connection and is shown 
in Fig. 10-13. Here the high-voltage windings are connected 
across the high-tension lines. One secondary lead from each 
transformer is connected to the common, or ground wire, and 
the other leads supply the line voltages. Care must be taken 
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to connect the proper leads to the neiitral, so that a balanced 
polyphase voltage is provided across the outside wires of the 
secondary circuit. A voltmeter test across these outside wires 
will determine whether or not they are correctly connected. 

This secondary system is observed to be the three-phase 
four-wire system studied earlier. This is the most common 



Fig. 10-14. A~A Transformer Diagram. 


method of connecting transformers to supply this system. It is 
important to note that the voltages between phase wires are dis- 
placed 30 deg from the phase voltages of the primary. This is 
caused by the addition of the voltage V bo and the voltage Voe to 
obtain the line voltage Fjw. 

The second common polyphase transformer connection is 
A-A, shown in Fig. 10-14. This is used most often where three- 
phase power is supplied to motors and other heavy industrial 
loads. In this transformer connection the phase voltages of the 
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primary and secondary are in phase, as will be observed from a 
study of the vector diagram. 

It is not possible to operate a A-Y and a A-A transformer 
bank in parallel because of the shift of phase in the secondary 
voltages. 

A third common connection is the open delta or V-V, which 
is identical with the A-A, except that one of the transformers is 
omitted. It is used as an emergency connection when one trans- 
former has failed. It is also used where an increase in load is 
anticipated within a few years and where it is desired to plan 
for increased capacity, but the expense of the additional trans- 
former is not immediately justified. The capacity of a V-V 
bank of transformers on balanced polyphase load is 87 per cent 
of the combined capacity of the two transformers or 58 per cent 
of the capacity of a completed A-A bank. This reduction in 
capacity is caused by the fact that the transformer current is 
not in phase with the voltage across it. 

Polyphase transformers 

Although single-phase transformers connected externally to 
form one of the above polyphase connections have been most 
extensively used in electric power distribution, economy of space, 
labor, and material has led to an increasing popularity of three- 
phase transformers. Particularly is this true in high-voltage 
transformers where the cost of a single bushing to get the lead 
through the transformer case may run as high as several thou- 
sand dollars. The substitution of three bushings for six is, 
therefore, a real saving. 

Sometimes three single-phase transformers are mounted in 
one case and only the polyphase connections brought out. Usu- 
ally, however, still further economy is obtained by using a com- 
mon core on the three phases of the transformer, as shown in 
Fig. 10-15. Here each of the three phases of the transformer 
is mounted on one of the three legs of the core. The flux in one 
of the legs is returned through the other two. This is satisfac- 
tory as long as the voltages are balanced because the fluxes of 
the three legs have the same magnitude and are displaced 120 
deg in time phase. 

An alternate core design, known as the shell-type core, is 
shown in lig. 10-16. In this case the normal flux is restricted 
to the three main legs, but any unbalance of voltages will cause 
flux to shift to the outside legs, which have no windings. The 




chief advantage of this construction is that with it the trans- 
former may be operated with a V-V connection under emergency 
conditions when one phase of the transformer has failed. To 
do this it is necessary to disconnect and short-circuit the wind- 
ings of the faulty phase. This will permit no flux in that leg of 
the transformer and the flux of that phase will then pass through 
^the external legs. 
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Polyphase transformers are especially advantageous for unn 
sual or complicated connections. It has been noted that th 
secondary voltages of a transformer are always approximate!; 
in phase with the primary. The magnitude is proportional t< 
the turns. By using these elementary vector voltages in com 
bination, it is possible to obtain any magnitude and phase o 



Fig. 10-16. Drawing and Photograph Showing the Construction of a Shell 
Type Three-Phase Transformer. The tank is in two parts : the upper portion liftj 
off from the core and coils, which are assembled in the bottom portion of the tank 
(Courtesy Westinghouse Electric Corp.) 


secondary voltage desired. Numerous complicated arrange- 
ments of polyphase circuits have been and are being used foi 
specialized purposes. Illustrative of the simpler forms of these 
connections are the six-phase transformer connections shown 
in Chap. 16 on rectifiers. The connection diagrams are self- 
explanatory, since if the midpoints of the three-phase second- 
aries are connected together, the terminal voltage will be of the 
same magnitude and will have 60 deg phase displacement. A 
polyphase transformer makes the secondary connections of such 


Chap. 10] TRANSFORMERS 199 

a transformer much simpler since they c^n be made inside the 
case. 

In modern standardized unit substations for industrial instal- 
lations the use of polyphase transformers is almost universal. 
The chief disadvantage is that when an insulation failure occurs, 
the equipment is completely inoperative. With the develop- 
ment of new and better insulation materials and better designs, 
however, these failures have become so infrequent as to justify 
the risk of a shutdown. 



CHAPTER 11 

Alternating-Current Generators 

Sinsle-phase a-c generators 

In the study of d-c generators it was found that the voltag 
was produced by having a conductor sweep through a magneti 
field. When a current flowed in the conductor, it produced , 
force tending to oppose the relative motion of the conductor am 
the field. These same conditions exist in a-c generators excep 
that in most a-c generators the field poles, which are excited b; 
direct current, are constructed as the rotating element of th 
machine, and the armature is stationary. Thus, the magneti 
field sweeps past the armature conductors to produce th 
voltage. 

An elementary a-c generator with a two-pole rotor is showi 
in Fig. 11-1. As the poles sweep past the conductors, voltage 
will be produced in a direction out of the paper at the top of th 



Fig, 11-1. Elementary Diagram of a Single-Phase Alternator. 
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machine and into the paper at the bottom. When these con- 
^ doctors are connected in series to form coils and the coils, in 
turn, are connected in series, considerable voltage is produced 
in the winding. The magnitude of the voltage will depend not 
only on the flux density of the field poles but also on the length 
of the armature, the peripheral velocity, and the number of 
turns in the armature coils. 

One quarter of a revolution after the position shown in Fig. 
11-1 the conductors are no longer under the poles, and so no 
voltage is generated. After half a revolution, the north pole is 
sweeping past the bottom conductors and the south pole is 
sweeping past the upper conductors, so that the voltage is maxi- 
mum in the reverse direction. This is an alternating voltage, 
and if the distribution of flux density around the machine is 
made sinusoidal, the time variation of voltage in the winding 
-will also be sinusoidal. The distribution of the winding in the 
four slots will tend to neutralize any irregularities of the flux 
wave if a sinusoidal distribution is not achieved. 

If the terminals of the winding of the machine in Fig. 11-1 
are connected to a resis- 
tor, a current will flow. 

This current flow in the 
generator is in such a 
direction as to oppose 
the motion of the field. 

Therefore, as the field 
rotates, it will experience 
,a retarding force that 
Hornes to a maximum 
each time the poles sweep 
past the vertical axis and 
that drops to zero when 
the field sweeps past the 
horizontal axis. The re- 
tarding force or torque is 
proportional to the prod- 
uct of the current in the 
armature conductors and to the field strength. Since the field 
strength has been assumed to vary sinusoidally around the 
periphery of the machine and since the field is rotating at a 
uniform angular velocity, the field strength at the conductor 
positions varies sinusoidally with time, being zero when the pole 



i - Current In Armature Winding 
♦-Field Flux on Axis of Armature Winding 
T- Torque or Retarding Force on Rotor 

Fig. 11-2. Time Variation of Generator 
Torque with Single-Phase Resistance Load. 
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axis is horizontal. Since the current likewise is zero when the 
pole axis is horizontal, it will be in phase with the flux. The 
resultant torque is shown in Fig. 11-2 as the instantaneous prod- 
uct of the current and flux. This torque is identical in form 
with the power in a single-phase circuit, which was studied in 
Chap. 7. There it was demonstrated that this instantaneous 
power is the sum of a constant term plus the cosine of twice the 
normal phase angle. Thus the power input is measured by the 
product of the torque and angular velocity, and the power out- 
put is measured by the product of the current and voltage. 

In small single-phase machines this rapid pulsation of torque 
produces annoying noise and vibration. In the larger single- 
phase machines the mass is so great as to prevent vibration at 
this frequency. 

Polyphase a-c generators 

In the machine shown in Fig. 11-1 only one-third of the total 
periphery is used for the armature winding. It is possible. 



Fig. 11-3. Elementary Diagram of a Three-Phase Alternator. 


therefore, to place two additional windings on the machine, 
each of which is similar to the one shown in Fig. 11-1. Such a 
machine, with three similar windings, is shown in Fig. 11-3 and 
each group of conductors is labeled. The winding in the verti- 
cal axis is designated as phase A. The winding designated as* 
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phase B is 120 deg around the periphery^ and phase C is 24!0 
‘ deg around the periphery. The voltages generated in these 
phases are shown in Fig. ll-4a and are the same three-phase 
voltages studied in Chap. 8. 

If identical resistors are connected to each phase, balanced 
currents — ^that is, currents that are equal in magnitude and 120 



(a) 



(b) 

Fig. 11-4. (a) Phase Voltages in Three-Phase Winding, (b) Torque in Three- 

Phase Generator with Resistance Load. 

deg apart in time — will result. For each phase, the torque on 
the generator will take the form shown in Fig. 11-2. The 
torque in each of the three phases is plotted in Fig. ll-4b. The 
sum of the torque in all three phases at any instant swill be 
observed to be a constant. This constant value is three times 
the average value of each phase. A similar rdation,was devel- 
oped for three-phase power in Chap. 8. This constant torque 
may be visuaUzed in another way. When the rotor is 
. on the axis of phase A, current in that phase is a maxi- 
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mum; hence the retarding torque is a maximum. As the 
rotor moves from the axis of phase A to that of phase B, the * 
torque of phase A decreases but that of phase B increases. In 
this way each phase picks up its share of the retarding torque 
as the windings come under the influence of the field poles. 

This constant torque of three-phase machines (either genera- 



Fig. ll-5a. Coils Being Placed in Slots of Stationary Armature for a Turbine 

Generator. 
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tors or motors) is one of their important characteristics, because 
it permits greater capacity in the same size machine or the same 
capacity in a smaller and cheaper machine than with single 
phase. The propery of uniform torque is not limited to three- 
phase machines but is common to all polyphase machines. 
Since nearly all of the polyphase equipment in the United States 
is three-phase, discussion in this text will be limited primarily 
to three-phase equipment. 

Three-phase generator connections. The three-phase wind- 
ings in the machine of Fig. 11-3 are independent and may sup- 



Fig. ll-5b. Aluminum Saddles Being Placed on End Windings of Revolving Field 

for Turbine Generator. 



(a) (b) 


Fio. 11-6. Connections for Three-Phase Generators. 
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ply three independent single-phase systems. This, however, 
does not save copper in the distribution system, so the coils are 
always interconnected to form a three-phase generator. This 
can be done in either of two ways, as explained in Chap. 8. If 
one end of each coil is connected to a common terminal in such 
a manner that the voltages of the other terminals are 120 deg 
apart, as shown in Fig. ll-6a, the machine is said to be Y-con- 
nected. If the windings are connected so as to close on them- 
selves, as in Fig. ll-6b, the machine is said to be A-connected. 
It should be observed that the proper phase relationships must 
be maintained in making this connection, or the sum of the 
voltages around the circuit will not be zero and a short circuit 
will result. 

In large generators that supply transmission and distribu- 
tion transformers, the Y-connection is usually preferred, as it 
provides an easy method of establishing ground potential, holds 
the insulation stress to a minimum, and makes it possible to 
use simple, yet sensitive, differential relays to disconnect the 
machine in case of insulation failure. 

The windings of a-c machines, shown in Fig. 1 1-5, are some- 
what less complicated than those of d-c machines. Each phase 
is simply an arrangement of coils that will cause the voltages to 
add. In the winding in Fig. 11-3, all conductors of one phase 
are located within a 60-deg phase belt. This requires that the 
coils have full pole pitch between coil sides. The length of the 
end connections can be reduced and copper saved by using 
slightly less than full pitch. In some slots, this places the coil 
sides of two adjacent phases in the same slot. A slightly 
reduced total voltage is obtained, but the wave form of the volt- 
age is improved and smoother operation of the machine results. 
The magnetomotive force of the armature is also more nearly 
sinusoidal in its distribution around the periphery of the arma- 
ture, so most machines have armature windings with a coil 
pitch that is less than the pole pitch. 

Alternator calculations 

To demonstrate these relationships, some of the more impor- 
tant voltage and torque computations will be made on a simple 
machine. 

Example. In an a-c generator, such.as is shown diagrammatically 
in Fig. 11-3, and the construction of which is shown in Fig. 11-5, there 
are 24 armature slots. The coils are full-pitch and are grouped in 
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three phases, as shown in Fig. 11-3. The field is two-pole, revolves 
at 3600 rpm, and has a sinusoidally distributed flux of a maximum air- 
gap value of 50,000 lines/in. ^ The internal diameter of the armature 
is 12 in., with an active length of 30 in. 

(a) How many turns per coil are required to produce a phase volt- 
age of 2400? 

(b) What would the line voltage be if connected in Y? 

(c) If one phase of the machine is carrying a single-phase unity- 
power-factor current of 100 amp, what is the maximum instantaneous 
torque? 

(d) What is the constant torque for a three-phase load of 100 amp 
per phase (173 amp per line if A-connected) ? 

(e) What is the generated power? 

Solution: As shown in the diagrams, each coil will have one side 
in the bottom of a slot and the other side in the top of a slot that is 
directly opposite. The voltages in these coil sides will be additive. 
Also, each slot will have two coil sides; For purposes of computation, 
it is assumed that each coil has one turn, and the instantaneous volt- 
age under these conditions is calculated for phase A-A' when the pole 
is in the position shown in Fig. 11-3 and rotating at 3600 rpm. 

(1) Determine the instantaneous voltage with one turn. 

e = Blv X 10”® 


where Z = 30 in., y = 127r X 60 = 2260 in. /sec, B = 50,000 cos 6 
lines/in.2, and 6 is the angle between the center of the slot and the 
pole axis. There are four slots that are 7^ deg from the pole axis. 
Each has two coil sides or two conductors, so that the total voltage 
contributed by these four slots is 

e' = 50,000 cos 7i° X 30 X 2260 X 8 X 10"® 

= 269 V. 

There are also four slots that are 22^ deg from the pole axis, and their 
contribution to the voltage is 

e" = 50,000 cos 22^° X 30 X 2260 X 8 X 10”® 

= 251 V. 

The total maximum voltage is 269 + 251 = 520 v with a single-turn 
coil. 

(2) Determine how many turns are required for 2400 v effective. 
Since 520 v is the instantaneous voltage under maximum condi- 
tions, the effective voltage is 
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The number of turns required is 

= 6.54 turns. 

Since it is impossible to have a fractional number of turns, it will be 
necessary to use either six or seven turns and adjust the field flux to 
produce the required voltage. 

Seven turns will be assumed. Since seven turns are used, it will be 
necessary to reduce the flux so that the product of flux density and 
turns is the same. Thus 


7 X = 6.54 X 50,000 

or = 50,000 X 6.54/7 = 46,600 lines/in. ^ 

(3) The line voltage if connected in Y will be 

2400 \/3 = 4150 V (Aws.) 

(4) Determine the maximum instantaneous torque with 100 amp 
in a single phase. 

With an effective current of 100 amp, the maximum value will be 
100 y/2 = 141 amp. 

This current will occur when the pole flux is along the plane of the 
phase. Each slot will have 14 conductors and each will carry 141 
amp; therefore the current per slot producing force or tor(|ue is 

14 X 141 = 1980 amp. 

From Chap. 3 

F = 8.84BZ7 X 10-«. 

The force produced by the four slots 7^ deg from the pole axis is 
F' = 8.84 X 46,600 X cos 7i deg X 30 X 1980 X 4 
= 970 lb. 

The force produced by the four slots 22l deg from the pole center is 
F" = 8.84 X 46,600 cos 22^ deg X 30 X 1980 X 4 
= 900 lb 

The total force is 970 + 900 = 1870 lb. The torcjue (maximum value 
per phase) is equal to the force times the radius, or 

T = 1870 X i = 935 Ib-ft (Ans,) 

(5) The balanced three phase torque is 

T3 = 3 X i X 935 = 1400 Ib-ft. 

(6) The power converted from mechanical to electrical energy for a 
balanced three-phase load is therefore 
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„ X rp^ ^ 

27r X 1400 X 60 
550 

= 962 X 0.746 = 718 kw 


= 962 hp (Ans.) 
(Ans,) 


Note. This computation may be checked by the electrical power 
ecjuation, which is 

P = V3 = Vs X 4150 X 100 = 720 kw. 


This equivalence of power will hold only when losses are neglected. 

Exercise 11-1. In a steam-turbine generator, such as is shown in 
construction in Figs. 1 l-5a and b, the two-pole field rotates at 3600 rpm. 
The stator or armature has an internal diameter of 24 in. and a length of 
54 in. There are 36 slots, and the coils are full-pitch. If the field 
flux is sinusoidal and has a maximum air-gap value of 45,000 lines/in.^, 
how many turns per coil are required to produce a voltage of 13,200 
if the machine is Y-connected? If the line current is 400 amp at 
unity power factor, determine the torque and electric power gener- 
ated. Check, using the equation for the electric power output. 

Frequency and speed 

The machine shown in Fig. 11-3 has two poles, so that a 
(complete revolution of the rotor in one second produces 1 cps 



Fig. 11-7. Elementary Four-Pole Alternator. 
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of alternating current. Sixty revolutions per second, or 3600 
rpm, would be required, therefore, to generate 60 cps. A four- 
pole generator is shown in Fig. 1 1-7. In this machine, only one- 
half revolution is required to complete the magnetic cycle with 
respect to the armature, and so for 60 cps the speed is only 
1800 rpm. 

The relationship among speed, frequency, and number of 
poles may be stated as follows: 


or 



rpm 




speed in rpm 


120 / 

? 

P 


where / = frec^uency in cycles per second and p = number of 
poles. For high-speed prime movers, such as steam turbines, 
two- or four-pole generators are most common, whereas for the 
slower-speed water turbines many poles are required for the 
60-cycle frequency. For instance, the 180-rpm water turbines 
at Boulder Dam require 40 poles to produce 60 cps. 

Exercise 11-2. Determine the number of poles required to obtain 
60 cps with each of the following prime movers: (a) Steam turbine: 
1800 rpm. (b) Diesel engine; 450 rpm. (c) Water wheel; 277 rpm. 

Armature magnetomotive forces 

It has been assumed in previous discussions that with unity 
power factor the current reaches a maximum when the axis of 
the pole is in the center of the coil. This assumption is not 
correct since the air-gap flux is determined by the resultant of 
the magnetomotive forces of the d-c field winding and of the 
armature. In order to understand the operation of a-c gener- 
ators and motors, it is necessary to determine the character of 
the armature reaction and the manner of its combining with the 
d-c field in a synchronous generator. 

If the current in phase A of Fig. 11-3 is a maximum when the 
pole axis is vertical, as shown in the diagram, then the magneto- 
motive force of phase A is horizontal, producing a south pole on 
the right-hand side of the armature. As the rotor turns in a 
counterclockwise direction, successive phase belts will reach 
maximum currents. The south pole at the right side of the 
armature caused by phase A will be succeeded by a similar pole 
at the top of the armature caused first by phase C and then by 
phase B. Thus the south pole caused by the armature currents 
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follows around the periphery of the armature at the same speed 
as the rotor, always lagging behind the north pole of the rotor. 
(Since the armature south pole attracts the rotor north pole and 
repels the rotor south pole, it is necessary to drive the rotor 
against this retarding force, which provides an alternate con- 
cept to the force on a conductor’’ explanation of generator 
torque.) 

The air-gap flux will be the resultant of the magnetomotive 
force of the main field winding and of the armature reaction, 
which in this case will produce a flux that reaches the axis of 
the phase belt later than the pole axis. In order for the current 
to reach maximum when the pole axis coincides with the center 
of the phase belt, the current must lead the voltage in time 
phase. 

It is usual for the current in an a-c generator to lag behind 
the voltage in time phase; therefore, the current maximum is 
not normally reached in any phase until after the pole axis has 
passed some distance beyond the center of the phase belt. This 
causes the south pole produced on the armature to be much 
nearer the south pole of the rotor than the north pole and effec- 
tively reduces the magnitude of the resultant magnetomotive 
force. This will cause a decrease in the air-gap flux and in the 
terminal voltage. 

In order for the voltage to be maintained it is necessary to 
increase the rotor magnetomotive force so that the resultant 
flux is the same as before, even though the armature mmf is 
partially opposed to the rotor mmf. Thus with an alternating- 
current generator supplying a load having a lagging power 
factor, the field current must be greater than with unity power 
factor. 

By similar analysis, if the load has a greatly leading power 
factor, the current in any phase will reach a maximum before 
the pole axis reaches the center of the phase belt. Thus the 
south pole on the armature will shift forward and be much closer 
to the north pole of the rotor. This will cause an increase in 
resultant mmf and a corresponding increase in air-gap flux and 
terminal voltage. When the generator has a leading-power- 
factor load, it is necessary to reduce the field current of the 
rotor in order to maintain the terminal voltage constant. 

To summarize, the time variation of currents in the armature 
coils (which are fixed in position) of a polyphase alternator cause 
magnetic poles to he produced on the armature; these poles rotate 
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around the surface of the armature at synchronous speed* If the 
currents are lagging behind the voltage in time phase, the poles 
not only tend to retard the motion of the rotor but also tend to 
reduce the magnitude of the air-gap flux. If the current is lead- 
ing the voltage in time phase, the poles still tend to retard the 
motion of the rotor, but an increase in air-gap flux results. 

The rotating magnetic field 

A more detailed analysis of the currents and magnetomotive 
forces described in the previous paragraph is often helpful in 
understanding how the time-varying currents in the different 
phases produce the rotating magnetic field. In order to sim- 
plify the analysis and to give the student familiarity with the 
more common four-pole machines, f the alternator shown in Fig. 
11-7 will be used as the basis for study. 

The upper portion of the stator is shown unrolled or flattened 
out in the upper portion of Fig. 11-8. In this figure along the 
right side are shown the time variations of the three-phase cur- 
rents. Vertical lines marked U, h, U, tz, etc., show successive 
instants of time for the successive magnetomotive forces that 
are shown along the left portion of the figure. 

The phase belts are marked as in Fig. 11-7 with A or A' to 
indicate that in one group of phase conductors the current is 
flowing in one direction, whereas in the next adjacent group of 
the same phase, the current is flowing in the opposite direction. 
In this diagram positive current in the time-variation diagram 
at the right indicates that current is flowing into the paper in 
A, B, or C, but flowing out of the paper in A', B', ox C. 

At time (o, as shown in (a) of the diagram, the current in A 
is a maximum positive, whereas the currents in B and C are one- 
half magnitude negative. In order to analyze the magnetomo- 
tive force, the neutral position no will be assumed J between the 
two slots of A phase. The magnetomotive force will then be 
plotted against the space position around the air gap. 

In progressing to the left, a slot containing two coil sides of 
phase A is first met. Since maximum current is flowing into 


* This effect is produced by any set of balanced polyphase currents flowing in 
an armature winding and is the basis of the rotating field of an induction motor, 
which will be studied later. 

t Four poles are particularly common in induction motors, 
t The complete construction procedure gives this neutral as assumed. For 
brevity it is omitted. 
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the paper in these coil sides, the mmf 'diagram will show an 
increase of two units in the space between phases A and C. A 
slot of C is next met and since the current in C is negative, the 
current in C' is positive; so the mmf diagram is again increased. 
This time the current in each coil side is one-half magnitude ; so 
the two coil sides together give only one unit increase in mmf. 


A' B C' A B' C 
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Fig. 11-8. Balanced Polyphase Currents Flowing in an Alternator Winding 
Produce a Magnetomotive Force That Rotates around the Armature but Is Essen- 
tially Constant in Magnitude. 

When the second slot of C' is met, a second increase of one unit 
is obtained. When the first slot of B is reached, it is observed 
that with negative current the mmf decreases one unit since the 
B current is one-half magnitude. The second slot produces a 
second unit decrease in mmf. When the first slot of A' is 
reached, the mmf drops two units {A' current is negative) to 
bring it back to zero. When moving to the right of the neutral 
point, a similar curve in the negative direction will be obtained. 
It is noted that this step curve is a fair approximation to a sine 
wave and may be so assumed in elementary analysis. 
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In diagram (b) the time is 30 time degrees, or sec later, 
and is shown at on the diagram at the right. It is noted here 
that A is 0.86 positive, B is zero, and C is 0.86 negative. A 
neutral Ui is assumed to be 30 deg to the left of no and again the 
mmf analysis is made. The first slot of C' steps the mmf up 
1.73 units and the second slot steps it up another 1.73 units. 
Since B has zero current, it produces no effect, while A' steps 
the mmf down 1.73 units for each slot and returns the mmf to 
zero. The negative portion of the curve is again to the right 
of rii. The curve (b) is of a different shape from curve (a), but 
it will be noted that it has approximately the same equivalent 
sine wave. The maximum value of this sine wave will be 
below the maximum of (a) and above the maximum of (b), so 
that it will be slightly less than 4 and somewhat more than 3.46.* 

In diagram (c) the neutral point ^2 is chosen 30 deg to the 
left of ni and the time U is 30 deg later than h. The current in 
C is a maximum negative, while both A and B are one-half max- 
imum positive. The analysis of slot mmf\s gives a curve that is 
identical with (a) but displaced from (a) by 60 electrical space 
degrees, or one-third of the distance between the axis of adja- 
cent poles. 

In diagram (d) the time h is 30 deg later than and 90 deg 
later than U, The current in A is zero, while that in B is 0.86 
positive and that in C is 0.86 negative. The neutral is assumed 
at 713, which is 30 electrical space degrees to the left of n 2 and the 
form of the curve is similar to the curve of (b). 

The analysis of the change in wave form is beyond the scope 
of this text. The objective of the analysis here presented is to 
demonstrate how currents that are changing in magnitude in 
coils that are fixed in position in the machine can produce a 
magnetomotive force that is essentially constant in magnitude, 
but which is shifting in space at the same speed as the field poles 
of the alternator. These conclusions are more concisely and 
accurately given in the following statement: When balanced 
three-phase currents are flowing in the armature of an alternator 
{or an induction motor), a magnetomotive force is produced that 
is fixed in magnitude and rotates around the armature at synchro- 
nous speed. 

The above is a general statement and may be qualified to 


* In most commercial machines, as explained previously, the coils have slightly 
less than full pitch, which gives an even closer approximation to a sine wave. 
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add that as long as the power factor is constant, the position of 
the armature-reaction magnetomotive force is fixed with respect 
to the field poles of an alternator. As discussed previously, the 
armature reaction with unity power factor causes the resultant 
flux to reach a maximum after the pole axis has passed a speci- 
fied point on the armature. When the power factor of the load 
current is lagging, a component of the magnetomotive force 
opposes the main field flux. When the current leads the volt- 
age by an angle that is greater than the angle by which the 
resultant flux lags the pole axis, a component of the armature 
magnetomotive force aids the main field flux. 

Synchronous reactance 

In developing the concept of synchronous reactance, which 
is necessary to an adequate understanding of the performance 
of synchronous motors as well as generators, it is desirable to 
first review the effect of inserting a reactance coil between an 
a-c voltage source and the load, as shown in Fig. 11-9. The 
effect of this coil can then be compared to the effect of the arma- 
ture reaction in an alternator. 

When a current I flows in a reactance coil, there must exist 
a voltage IXl that leads the current by 90 deg, as shown in Fig. 



(a) Circuit diagram (b) Coil phasor (c) Circuit phasor diagram 

diagram at unity power factor 



(d) Circuit phosor diagram (e) Circuit phasor diagram 

at lagging power factor at leading power factor 

Fig. 11-9. The Variation in Source Voltage Necessary to Maintain a Constant 
Load Voltage when an Inductor Is between the Source and the Load. 

ll-9b. If the load current is in phase with the load voltage V, 
then the source voltage must be advanced in phase, as shown 
in Fig. ll-9c. 
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It was learned in the study of the armature reaction that 
current in phase with the load voltage caused the terminal volt- 
age to lag behind the voltage produced by flux of the field alone, 
but was changed only slightly in magnitude. If the voltage 
developed by the field flux (the no-load voltage) is considered 
as a generated, or source, voltage, then the armature reaction 
produces an effect similar to that of an inductance coil, that is, 
the armature reaction causes the terminal voltage to lag behind 
the generated or source voltage in time phase. 

Referring again to Fig. 1 l-9d, when the current lags behind 
the load voltage V, it is necessary to increase the source voltage 
in order that the IX^ drop be provided. In the study of arma- 
ture reaction it was found that it opposed the field mmf when 
the current lagged behind the terminal voltage, and it would, 
of course, be necessary to increase the field current in order to 
maintain the same terminal voltage. This again is similar to 
the action of an inductance coil. 

When the load current leads the voltage V, then the voltage 
IXi, required to overcome the coil reactance swings around so 
that a smaller source voltage E is adequate to maintain the con- 
stant voltage V. This action is similar to the armature reaction 
of the alternator, which aids the magnetomotive for(ie of the 
field, thus requiring a smaller field current in order to maintain 
the constant terminal voltage. 

Since the armature reaction produces an effect similar to that 
of a reactance, it is usually included in the analysis of alternators 
as a portion of an equivalent reactance, known as the synchro- 
nous reactance. The windings of the different phases have in 
addition to the effect of armature reaction a large amount of 
true inductive or leakage reactance, and this constitutes the 
remaining portion of the synchronous reactance. 

This leakage reactance is caused by flux across the slots of 
the armature and around the end connections of the armature 
windings. In fact, it includes any flux caused by the current in 
the armature windings that does not cross the air gap. The 
computation of this flux is beyond the scope of this text, but 
the reactance caused by it is large in comparison to the resist- 
ance of the windings. 

Since the magnitude of the synchronous reactance drop is 
usually about 0.6 to 0.8 of rated voltage when rated current is 
flowing, a large change of voltage would occur with variations 
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of load if constant field purrent were maintained. This change 
of voltage can be calculated from the phasor diagram of the 
alternator, as shown in Fig. 11-10. 

The armature resistance is small, 
and hence the numerical difference 
between the synchronous impedance 
and synchronous reactance is usually 
less than the accuracy of the original 
determination. The synchronous ^ 

, • j.i_ r j Fig. 11-10. Phasor Diagram of 

r68;Cta;IlC6 is tnOrotorG aSSUniGd. a.S Alternator with Lagging Load. 

equal to the synchronous impedance. 

Alternator voltage control. Although alternator regulation 
has some interest to the engineer in comparing the characteris- 
tics of machines, it is seldom used in operation. The usual plan 
of operation is to change the field current as the load changes to 
maintain the generator terminal voltage constant. This may 
be done manually, but requires the constant attention of an 
operator. Usually it is done automatically by a voltage 
regulator. 

Automatic voltage regulators take many forms depending 
upon the rapidity with which the field current must be made to 
respond and upon the development of the art at the time of 
installation of the unit. The most simple arrangement from a 
theoretical point of view is a motor-driven field rheostat in the 
alternator field. The motor is controlled by a contact-making 
voltmeter that causes an adjustment to be made if the volt- 
age becomes either higher or lower than the predetermined 
limits. 

It is quite usual for small d-c generators to be built on the 
same shaft with large alternators. These d-c generators sup- 
ply the excitation of the alternator field and are called exciters. 
The alternator field current may be controlled by controlling 
the field current of the exciter by quick-acting rheostats. This 
exciter field current is so much less than the alternator field cur- 
rent that it is usually done in this way. 

On large alternators the field current of the exciter is, in 
turn, controlled by another exciter. Such an exciter is called 
a pilot exciter. In the pilot exciter very small changes in its 
field current will cause very large changes in the field current of 
the alternator. Such an arrangement is a form of electromag- 
netic amplifier. 
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Efficiency and losses 

Alternators have efficiencies comparable in small sizes with 
other electrical machines of the same capacity. The losses may 
be divided into groups, depending upon whether they are con- 
stant or variable. The constant losses are friction and windage 
(including brush friction and ventilation), and iron losses. The 
field losses are dependent upon the magnitude and power factor 
of the load and include the losses in the field rheostat as well as 
in the field itself. Where the field is supplied by an exciter, the 
exciter losses are also included. The armature losses include 
the true PR losses in the windings and the losses resulting from 
eddy currents or nonuniform distribution of current in the cop- 
per and additional core losses because of armature current. 
These latter losses are often called stray-load losses. They may 
be included in the PR losses if the R is increased to an effective 
resistance. 

Efficiencies range from 90 per cent for 100-kw units to 97 
per cent for turbine-driven alternators of 25,000-kw capacity. 
With the large high-speed alternators the windage losses are so 
large a proportion of the total that it has been advantageous to 
enclose them and use hydrogen for cooling. With hydrogen 
the efficiencies have gone as high as 98.5 per cent. 



CHAPTER 12 


Alternating-Current Motors 

Rotatins field of a polyphase induction motor 

Most electric power utilization occurs either in lights, in 
heating for industrial or domestic purposes, or in the develop- 
ment of mechanical energy. The greatest usefulness, from an 
industrial point of view, is in supplying the mechanical energy 
to turn the wheels of industry. Although d-c motors, described 
in Chap. 6, are used for many special applications, by far the 
most common type of industrial motor is the squirrel-cage induc- 
tion motor. This motor is unusually free from maintenance, 
many such motors operating for years with no more attention 
than to see that the bearings are properly lubricated and the 
windings periodically cleaned. 

In an induction motor the rotor conductors have current 
produced in them by the inductive action of stator currents. 
No direct electrical connection to the rotor is provided. The 
rotor of the induction motor acts, therefore, in a manner very 
similar to the secondary of a transformer in so far as the rotor 
current is concerned. 

The fundamental motor principle of force on conductors 
carrying current and being located in a strong magnetic field 
still is the basis of operation. The manner of obtaining this 
current, however, produces major variations in the operating 
characteristics of the motor. Since these are important to the 
use of the motor in industrial situations, it is desirable to study 
them. 

The stator winding of an induction motor is essentially the 
same as the stator of an alternator described in Chap. 11. The 
coils are wound in the same way, are fitted into slots in the 
laminated iron structure, and are connected similarly. The con- 
nection may be either Y or A and these connections have the 
same advantages as in the alternator. The windings of the 
three phases are identical and so produce a symmetrical wind- 
ing. A balanced three-phase voltage impressed on such a wind- 




Fig. 12-1. An Induction Motor Driving a Shaper in a Machine Shop. 


Fig, 12-2. Typical Induction Motor Stator with HalnripoH Polvnhftsp Winrlmo* 
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ing will give balanced currents in the wndings. The currents 
will therefore be of equal magnitude and will be 120 deg apart 
in time phase. 

Such balanced currents were found by the analysis of arma- 
ture reaction in Chap. 11 to give a magnetomotive force that 



Fig. 12-3a. Squirrel-Cage Rotor for Induction Motor. 



Fig. 12-3b. Squirrel-Cage Winding for Induction Motor. This element wap 
originally cast into a laminated steel core, which was then dissolved away. 

rotates around the periphery of the armature at synchronous 
speed. For instance, for a two-pole winding the speed would 
be 3600 rpm, for a four-pole winding the speed would be 1800. 
and for a six-pole winding the speed would be 1200. 

Rotor construction of an induction motor. The first require- 
ment of the rotor of the induction motor is that it must provide 
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a magnetic path of low reluctance for the rotating flux of the 
stator. This is provided by a stack of sheet-steel punchings, 
such as are shown in Fig. 12-10, which are riveted together and 
mounted on the rotor shaft. This magnetic circuit is quite 
similar, in fact, to the magnetic portion of the rotor of the d-c 
motor. Bars of copper (or other metal) are inserted into the 
rotor slots (without insulation), and these bars are brazed to 
copper or brass rings at both ends.* 

A later development in construction of these rotors is the 
use of aluminum in a die-casting process to produce this con- 
ducting structure. Such a rotor structure is shown in Fig. 12-3. 
Figure 12-3a shows the completed rotor mounted on the motor 
shaft, while (b) of the diagram shows the cast unit after the iron 
has been dissolved by acid. 

Insulation is not required because of the very low voltages 
involved. Furthermore, current flowing in the iron will also 
produce torque, so that it is really not too important that the 
rotor be laminated. 

The air gap is made as small as possible; however, reliable 
mechanical clearance must be maintained. The magnitude of 
the air gap varies from about 0.01 in. for motors of a fraction of 
a horse power to about 0.02 in. for 10 to 25-hp motors. This 
allows for some bearing wear and a small amount of air flow in 
the gap. 

Qualitative analysis of operation 

As has been demonstrated, a polyphase voltage, when 
impressed on the stator windings, will produce a flux that 
rotates around the air gap. Since the resistance of these stator 
windings is relatively low, the current is limited by the reactance. 
The reactance voltage (for low resistance) was shown in Chap. 
7 to be equal and opposite to the impressed voltage. It fol- 
lows that the rotating flux for the induction motor must have 
the same magnitude as though the stator were a synchronous 
generator.! 

In the synchronous generator the mmf is supplied by the d-c 
field. In the induction motor the magnetomotive force is pro- 
vided by balanced currents flowing in the stator windings. 


* This forms a copper structure very similar to some small cages that were 
formerly popular for exercising captive squirrels, and so the windings are called 
squirrel-cage windings. 

t This neglects leakage reactance since it is not part of the air-gap flux. 
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These currents lag behiud the impressed voltage by almost 90 
deg in time phase and are called the exciting currents. The 
magnitude of these exciting currents depends upon the reluc- 
tance of the flux path. Since a major portion of this reluctance 
is in the air gap, it is kept as small as possible. The lower mag- 
nitude of the exciting current improves the power factor of the 
motor when operating at full load. 

The difference between synchronous and actual speed is 
important in induction-motor performance and has been given 
a descriptive name. It is called slip and is defined as: 

_ synchronous speed — actual speed 
^ synchronous speed 

In a four-pole motor, having a synchronous speed of 1800 rpm 
and a full-load speed of 1740 rpm, the slip would be 

1800 - 1740 60 „ „ 

= 1800 ■ = 1800 = ^ 

When the rotor is stationary, as at starting, the rotating 
field cuts the rotor conductors at the same rate and frequency 
as the stator conductors. The rotor frequency at standstill is 
therefore the same as the power-line frequency. As the rotor 
gains speed, the relative motion is reduced. As synchronous 
speed is approached, the frequency of the voltage generated in 
the rotor conductors approaches zero. 

The frequency is therefore directly proportional to slip, so 

/r = 8/ 

where fr is the rotor frequency, / is the line frequency, and s is 
the slip. The rate at which the rotor conductors cut the air-gap 
flux and the magnitude of the resultant rotor voltage are pro- 
portional to the slip. Since the rotor conductors are short-cir- 
cuited by the end rings, currents will flow in the same direction, 
and for small values of slip in approximately the same phase, as 
the voltages that are generated. 

Exercise 12-1. A 20-hp 220-v three-phase 60-cycle squirrel-cage 
induction motor has a rated speed of 875 rpm. (a) How many poles 
does it have? (b) What is the percentage of full-load slip? (c) How 
far (in mechanical degrees) will the flux advance in one cycle of applied 
voltage? 

The effect of the rotating air-gap flux on the rotor will be 
analyzed by flrst assuming that the rotor is turning at synchro- 
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nous speed. Under this condition the flux is stationary with 
respect to the rotor and no voltage is generated in the rotor con- 
ductors. When the rotor slows down, a relative motion between 
the air-gap flux and rotor conductors develops, thus producing 
a voltage in these conductors. It was shown in Chap. 5 (Fig. 
5-3) that the force produced by current flowing in the same 
direction as the generated voltage is in such a direction as to 
oppose the relative motion of the conductor and the magnetic 
field. In the induction motor the relative motion is reduced 



Fig. 12-4. Components of Current in an Induction Motor. 

when the rotor approaches more nearly synchronous speed. As 
the rotor slows down, therefore, it develops additional torque. 
This torque tends to bring it back to synchronous speed. 

The distribution of rotor currents around the periphery of 
the rotor will follow the distribution of air-gap flux which pro- 
duces them. Since the flux varies sinusoidally around the air 
gap, the current distribution will also be so distributed. In 
Fig. 12-4 this is shown diagrammatically. The flux is shown 
vertically, produced by a stator magnetizing-current distribu- 
tion as indicated on the outer ring. The flux, which is sinusoi- 
dally distributed, will produce voltages in proportion to the flux. 
The currents, where limited by resistance only, will be directly 
proportional to the voltages and so will be distributed as shown 
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in the inner, or rotor, ring of condifctors. To say this in 
another way, there is a space wave of current density around 
the periphery of the rotor.* When the maximum of the current 
space wave is in phase with the flux maximum, the torque dis- 
tribution around the periphery will be a double-frequency sine 
wave with an average value equal to one-half of the maximum. 
The torque under these conditions is proportional to the prod- 
uct of the flux and the current. 

T = K<l>I 

When the slip is relatively large, the frequency of the voltage 
in the rotor bars is sufficient that the reactance cannot be neg- 
lected and it is necessary to analyze the motor action on an a-c 
basis. The rotor current is thus equal to 


■■ VRr^ + Xr^ 

where the values are rotor currents, voltages, resistances, and 
reactances. The current lags behind the voltage, and since the 
voltage is in phase with the flux, there will be a phase angle between 
the space distribution of the flux and of the current that is equal to 
the time-phase angle between current and voltage. The torque then 
becomes not only proportional to the magnitude of the flux and 
current but also to the cosine of the angle of phase difference. 

T = K<t>Ir cos 6. 

Quantitative analysis of current and torque. If the rotor 
voltage at standstill is designated as E'r, then the actual rotor 
voltage at a slip s is 

Er = E'rS. 

Similarly, if the rotor reactance at standstill is designated as 
X'r, then the rotor reactance at any slip s is 

Xr = X'rS. 

Since the magnitude of the current is desired in the torque equa- 


* This rotor current reacts on the stator in the same way that the secondary 
of a transformer reacts on the primary. That is, a primary, or stator, current 
must flow to neutralize the rotor magnetomotive force, and this is shown in the 
middle ring of Fig. 12-4. With the rotor mmf neutralized, the air-gap flux 
remains constant in magnitude. 
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tion, this is obtained by 

J E'rS 

' ~ 'y'Rr^ + (X'rsy 

The cos 6 may be specified as 


cos 6 = 


Rr 


+ (Z%s)2 

The torque may now be written as 
T = K4>Ir cos d 

fS Rt 


= K4> 


VRr^ + (X'rSy VR/ + (X'rsy 


K<l>E'rRr 

In order to determine the slip at which maximum torque 
occurs, the expression for torque must be differentiated and set 
equal to zero 


Hence 


ds ^ ' ' {Rr^ -h X'r^S^y 


= 0 . 


R/ - X'r^s^ = 0 , 

Rr = X'rS. 


In other words, the maximum torque will occur when the resist- 
ance and reactance are equal in magnitude. In most com- 
mercial motors this condition exists at a slip of about 0.15, or 
15 per cent. 

If now the value X'rS is substituted for its equivalent Rr in 
the equation for torque, it is found that the torque for maxi- 
mum conditions is independent of rotor resistance. 

Operating characteristics 

Induction-motor operating characteristics are usually shown 
by curves of torque v. speed and current v. speed with constant 
impressed voltage. 

The condition of maximum torque is a critical point in the 
analysis; and since it usually comes at about 0.15 slip, the curves 
naturally fall into two different sections, one of which is at small 
values of slip (under 0.10) and the other at large values of slip 
(over ^). At low values of slip the reactance has little effect. 
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since it is both smaller than, and in quadrature with, the resist- 
ance. The rotor current then becomes 


j _ E'rS ^ 

' ~ VRr^ -b (X'rSy ~ Rr ^ 
The torque then becomes 


where « < A- 


T = K<t>E'rR 


s 

+ (X'rSr 


K<l>E'r 

Rr 


= K'S, 


These approximate equations show that the rotor current 
and the torque both vary directly with the slip at small values 
of slip. This is shown by the straight portion of the curves of 
Fig. 12-5, where the torque and current both rise rapidly as the 
speed drops below synchronous. This is the normal operating 
range of the motor. 

At high values of slip the resistance is a negligible factor in 
the impedance, so the current and torque equations become 


Ir = 


E'rS 


VRr^ + (X'rSy 
T = K4>E'rRr 


Es 

X'r 


' Rr^ + {X'rS 


K<t>E’rRr 

{x\r 


= K" 


1 

5 


where s > ^. 


where s > 7 . 


These approximate equations show that the current tends to 
become constant for speeds below f of synchronous. The 
torque, on the other hand, varies inversely with slip and so tends 
to increase as the slip decreases. These relations are shown in 
the curves of Fig. 12-5. 

These motor characteristics may be interpreted physically 
on the basis that for low values of slip the power factor is rela- 
tively high, and so the torque is almost directly proportional to 
current since the flux is assumed constant. At high values of 
slip the current is approximately constant, and so the angle of 
space-phase difference between flux and current becomes the 
controlling factor. An inspection of the approximate equation 
for torque at high slip shows that the rotor resistance is included 
as one of the factors of iC". If, therefore, the rotor resistance 
is increased by some means, the torque, at low speeds, will also 
be increased. This increase of torque can also be attributed to 



ALTERNATING-CURRENT MOTORS 


228 


[Chap. 12 


an effective decrease of the phase difference between the flux 
and the current. 

For values of slip between ^ and ^ the above approxima- 
tions do not hold, and it becomes necessary to use the exact 
equations. The maximum torque condition occurs in this 
range, and the two approximate curve sections are joined by a 
transition curve. 

The effect of voltage variation on motor operation is impor- 
tant and can be determined from the above equations.* The 
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Fig. 12-5. Variation of Induction Motor Torque with Slip. 

flux is reduced in direct proportion to the impressed voltage. 
Since the secondary current is dependent upon the flux, this will 
also be reduced in direct proportion to the voltage. The torque at 
any slip, therefore, will vary as the square of the voltage. 

Rotor reaction on stator. In Fig. 12-4 the flux was assumed 
to be vertical and caused by an exciting current that was con- 
centrated in the right and left sides of the winding. This cur- 
rent lags 90 deg in time phase behind the voltages impressed 
upon the windings and leads the internally generated voltage 
by 90 deg; it is similar to the exciting current of a transformer. 
The rotor currents produce magnetomotive forces that tend to 
change the flux. As soon as any change of flux occurs, however. 


* These equations are only approximate since the air>gap flux is assumed as 
proportional to the impressed voltage. There is considerable leakage reactance 
in the stator windings, and this must be considered for highly accurate results. 
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the internal generated voltage is no longer equal and opposite 
to that of the impressed voltage, and so an additional stator 
current flows to neutralize the rotor current. This neutraliza- 
tion current for normal loads will be approximately in phase with 
the voltage generated, as explained above. 



Fig. 12-6. Variation of Power Factor of an Induction Motor with I^oad. 



Fig. 12-7. Current Distribution in an Actual Winding of an Induction Motor. 

The effect on stator current is shown in Fig. 12-6. The 
exciting current is from 30 to 50 per cent of full-load current in 
most motors and is very nearly 90 deg lagging. The load cur- 
rents, on the other hand, are almost in phase with the voltage, 
and so the power factor of the motor increases rapidly with 
load.* It is, therefore, unwise to operate induction motors at 


* The manner in which the components of stator current combine to form a 
single stator current is shown in Fig. 12-7. The current distribution in the stator 
of this diagram, which is typical of actual construction, is equivalent to the two 
components in Fig. 12-4. 
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low loads as it will cause low power factor, which may, in turn, 
cause high power costs to an industrial establishment. 

It was noted above that the induction motor adjusted itself 
to an increase in load by first slowing down. This increases the 
rotor voltage, current, and torque. The increase in rotor cur- 
rent causes an mmf that is, in turn, neutralized by the load 
component of the stator current. This sequence of reaction of 
rotor on stator is similar to transformer action. 



Fia. 12-8. A Wound Rotor for a Variable Speed Induction Motor. 


Wound-rotor induction motor 

A particular type of induction motor that is used extensively 
to drive variable-speed centrifugal pumps, fans, hoists, and 
cranes is known as the wound-rotor induction motor. In this 
motor the rotor uses a punching similar to that shown in E of 
Fig. 12-10. A three-phase winding is used with the ends brought 
out to slip rings as shown in Fig. 12-8. These slip rings are con- 
nected to a three-phase resistor, in which the resistance may be 
gradually reduced. It is thus possible to change the effective 
rotor resistance over a wide range. 

In the previous analysis it was found that the torque of an 
induction motor is proportional to the rotor current in the oper- 
ating range. If the rotor resistance is increased to twice its 
previous value, it will require twice the slip to obtain the same 
rotor current. This produces a reduction in speed for the same 
torque. In Fig. 12-9 are shown speed-torque curves for a typi- 
cal wound-rotor induction motor. The curve that rises most 
steeply with shp has no external resistance in the circuit and is 
similar to the torque curve previously studied. The adjacent 
curve has an added resistance of about one and one-half times 
that of the rotor, and so increases the slip at rated torque from 
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4 to 10 per cent. The slope of the torque curves is increased 
rapidly with increase in rotor 
resistance. 

When starting a load hav- 
ing constant full-load torque, 
the rotor resistance is gradually 
decreased so that the operation 
follows the dotted lines indi- 
cated by (a). The stabilized 
speed for each of these condi- 
tions is shown by (b). The 
stabilized speeds for a load 
having variable torque (such 
as a pump) is shown by (c) . 

The rotor efficiency of an 
induction motor may be shown 
to be equal to the ratio of actual 
to synchronous speed. When 
the speed of the induction 
motor is reduced by rotor re- 
sistance, the efficiency is also reduced. In the case of pumps and 
blowers the horsepower required drops very rapidly with speed, 
so a net reduction of power is obtained by increasing the rotor 
resistance in a wound-rotor motor to reduce the speed, in spite of 
the lowered efficiency. Wound-rotor motors are started by grad- 
ually reducing the rotor resistance from the maximum value. 
Under these conditions, the starting current of the wound-rotor 
motor is equivalent (in per cent of full-load values) to the start- 
ing torque required by the load. This is a real advantage under 
some conditions. 

The disadvantages of the wound-rotor motor and control 
are a very considerable increase in cost over the ordinary 
squirrel-cage motor, the additional maintenance of slip rings, 
brushes, and controller, and lower efficiency. 

Double squirrel-case induction motors 

The chief disadvantages of the low-resistance squirrel-cage 
rotor are that it draws a high starting current and produces a 
low starting torque. These objections are overcome by the use 
of two squirrel-cage windings on the same rotor. One of these is 
close to the air-gap surface where the reactance is low. In this 
one the conductor area is small so that the effective resistance 
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Fig. 12-9. A Seven-Point Control 
for a Wound-Rotor Induction Motor 
Showing (a) Starting Steps with Con- 
stant Torque Load, (b) Speed Control 
with Constant Torque Load, and (c) 
Speed Control with Variable Torque 
Load. 
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is quite high. The other is embedded deeply in the rotor, so 
that it has a high reactance. The conductor area, however, is 
quite large, so that it has low resistance. The rotor lamination 
for such a double cage is shown in Fig. 12-lOC. 



D E 


Fig. 12-10. Typical Rotor Lamination for Induction Motors. A — Normal- 
torque, normal-starting-current squirrel-cage motor. B — Normal-torque, low- 
starting-current squirrel-cage motor. C — High-torque, low-starting-current squir- 
rel-cage motor. D — High-torque, high-slip squirrel-cage motor. E — Wound- 
rotor motor. 

The action of this double-cage rotor is such that at starting 
the high reactance of the inner cage prevents a large current 
flow in it and thus limits the starting current of the motor. 
The high resistance of the outer cage gives high starting torque. 
As the rotor gains speed, the frequency of the rotor currents is 
reduced until the major portion of the flux penetrates the second 
cage and the equivalent rotor resistance is that of the two cages 
in parallel. This construction thus gives high starting torque 
at relatively low starting current and yet provides an efficient, 
comparatively low-slip motor at normal loads. 
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Fig. Speed-Torque Curves for Squirrel-Cage Motors. A — Normal 

torque, normal starting current. B — Normal torque, low starting current. C — 
High torque, low starting current. D — High torque, high slip. 


A similar effect can be obtained by using deep slots in the 
rotor, as shown in Fig. 12-lOB. The effect is not quite so pro- 
nounced as in the standard double-cage motor, however. 

Standard types of induction motors 


It is possible to obtain a wide variety of motor characteris- 
tics, using the same stator but with different rotors. Manu- 
facturing costs go up rapidly with the diversity of the product, 
however, so the electrical manufacturers have agreed to stand- 
ardize on relatively few types of rotors that will give a satisfac- 
tory compromise between the variety of load requirements and 
cost of production. This compromise limits the rotors to five 
main types as indicated by the laminations of Fig. 12-10. The 
characteristic speed-torque and speed-current curves on the first 
four of these rotors are given in Figs. 12-11 and 12-12. 

The speed-torque curve for A is typical for a comparatively 
low-resistance low-reactance rotor. The maximum torque is 
high and the starting torque is relatively low, while the starting 
current is high, being 6^ times normal full-load current. Where 
lower starting current is desired with the same starting torque, 
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the rotor form shown in B is used. This reduces the starting 
current to less than 5 times normal. The maximum torque is 
also reduced as well as the power factor. 

Where very high starting torque is required with low start- 
ing current, the double-cage rotor of C is used. It has the dis- 
advantages of slightly higher cost and lower power factor but 
does have a high operating efficiency. 
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Fig. 12-12. Speed-Current Curves for Squirrel-Cage Motors. A — Normal 
torque, normal starting current. B — Normal torque, low starting current. C — 
High torque, low starting current. D — High torque, high slip. 

Where very high starting torque is required and operating 
efficiency is unimportant, or where an appreciable variation in 
speed with change in load is desired to reduce the strain on the 
motor, the high-resistance rotor of D is used. A typical applica- 
tion for this motor is a punch-press drive with a flywheel to store 
energy for the punching operation. 

The rotor punching marked E has large slots to provide room 
for an insulated three-phase winding. It is used in the wound- 
rotor motor previously described. 

Exercise 12-2. Determine the starting current of a 5-hp 220-volt 
1750-rpm normal-torque normal-starting-current three-phase induc- 
tion motor from the curves of Fig. 12-12. Assume that the motor 
has a full-load efficiency of 82 per cent and 0.88 power factor. 

Exercise 12-3. Determine from Fig. 12-11 and the full-load rated 
conditions the maximum torque in pound-feet produced by the motor 
of Exercise 12-2 and the speed at which it occurs. 

Exercise 12-4. Repeat Exercises 12-2 and 12-3 for a normal-torque 
low-starting-current motor. 
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Exercise 12-6. Repeat Exercises 12-2 and 12-3 for a high-starting- 
torque low-starting-current motor. 

Exercise 12-6. Repeat Exercises 12-2 and 12-3 for a high-starting- 
torque high-slip motor. 

Startins ol induction motors 

Induction motors are designed so they may be started by 
closing a switch that connects them directly across the line. 
This method of starting is the simplest and least expensive, and 
gets the motor up to speed most rapidly. It is- therefore the 
most common starting procedure for induction motors. 

For larger motors, the starting current may place an exces- 
sive burden on the power supply line, causing voltage drops 
that interfere with other equipment. In such instances, some 
method of limiting the starting current must be used. Two 
methods are used for squirrel-cage motors. The simplest uses 
resistors inserted into the stator leads. This reduces the volt- 
age across the stator and thus reduces the stator current. The 
air-gap flux is reduced in direct proportion to terminal voltage, 
the rotor current is reduced in direct proportion to the air-gap 
flux, and since the torque is dependent upon the product of cur- 
rent and flux, it is reduced in proportion to the square of voltage 
reduction. If the starting current is reduced too much, there- 
fore, the torque will be inadequate to start the load. 

The second method of reducing line current has certain 
advantages over the resistance method but is somewhat more 
expensive. It also reduces the voltage on the motor, and in 
this way the limit of voltage reduction is again the torque 
required to start the load. The voltage reduction is accom- 
plished by the use of an autotransformer. This method has the 
advantage that the line current is reduced as the square of 
the voltage reduction rather than as the first power. Where 
the starting current is limited because of line characteristics, the 
use of the autotransformer (often called compensator) is usually 
preferable to resistance. 

For “across-the-line starting” the type B ox C motor, shown 
in Figs. 12-10 to 12, is preferable. The use of this motor, 
rather than a type A, will often make it possible to start across 
the line where a compensator would be required with a type A 
motor. 

Where line current limitations cannot be met by a tjrpe B or 
C motor, it is necessary to use either a starting resistance or a 
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starting compensator. The amount of starting-current reduc- 
tion in the case of the compensator depends upon the tap that 
is used. Normally compensators are supplied with both 65 and 
80 per cent taps, which give secondary voltages of that amount. 
As explained above, the current in the motor is proportional to 
the voltage, but the current in the line is reduced in proportion 
to the square of the voltage. Thus the 80 per cent tap gives a 
line starting current of 64 per cent of full-voltage starting cur- 
rent, and the 65 per cent tap gives 42 per cent of the full- voltage 
current. The starting torques will also be reduced in propor- 
tion to the square of the voltage. The selection of the tap 
must, therefore, be a compromise between the requirements of 
starting torque and starting current. 

It is well to remember that the entire curve of torque vs. 
speed is reduced in proportion to the square of voltage reduc- 
tion, whether this be caused by a compensator, a resistor, or 
low line voltage. Thus, the available torque of an induction motor 
at any speed varies as the square of the line voltage. 

In order to demonstrate how the characteristic curves* can 
be used to select a specific motor and starting compensator and 
to determine whether they will perform satisfactorily, three 
illustrative problems will be solved. 

Example 1. A load requiring 40 hp at 1750 rpm is to be supplied 
by a three-phase induction motor from a 220-v three-phase line. The 
public utility company specifies that the starting current shall not 
exceed 350 amp. Determine the proper type of motor and starting 
equipment if the starting torciue of the load is 25 per cent of the full- 
load torque and increases gradually with speed to 100 per cent of 
full-load torque at rated speed. 

Solution: (1) Assume that a 40-hp Class A motor can be used. Also 
assume that the efficiency is 88 per cent and the power factor is 0.90, 
which are quite probable values for this type of motor. 

(2) Compute full-load current. 


746 X 40 

Power input = — = 34.0 kw. 

U.oo 

34.0 X 1000 


0.90 X 220 X Vs 


* In recent years the increased capacity of public utility power lines usually 
makes it possible to start Class B motors by connecting them directly across the 
line. This has led to such a general preference for Class B motors that they have 
become the standard or general-purpose induction motor. 
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(3) Starting current from Fig. 14-12. ' 

Is @ 100 per cent voltage = 99 X 6.50 = 640 amp, 

Is @ 80 per cent voltage (with transformer starter) 

= 640 X 0.8^ = 410 amp, 

/« @ 65 per cent voltage (with transformer starter) 

= 640 X 0.65^ = 275 amp. 

In order for the current to be within the limit specified, it is neces- 
sary to use a compensator with the 65 per cent tap. 

(4) Determine the starting torque with the 65 per cent tap. From 
Fig. 12-11, full- voltage starting torque is approximately 160 per cent. 


I (66 percent) 160 X 0.65-^ = 67 per cent of rated full-load torque. 

This is adequate to meet the starting requirements of the load at zero 
speed. 

(5) Determine the current inrush when the compensator is dis- 
connected from the circuit and the motor is thrown across the line. 

In order to make this determination, it is necessary to analyze the 
speed vs, torque curves of the motor and of the load to determine the 
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Fig. 12-13. Speed-Torque and Speed-Current Curves for Example 1. 
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speed that will be obtained with the reduced voltage. These curves 
and the current vs. speed curves are plotted in Fig. 12-13. These are 
taken from the curves of Figs. 12-11 and 12-12 and are corrected for 
the effects of reduced voltage of the compensator, as explained in the 
previous paragraph. 

The shaded area indicates the torque available for acceleration. 
Accelerating torque is available with 65 per cent voltage until 92 per 
cent of synchronous speed is reached. When the motor is thrown 
across the line at this speed, the current will increase to 260 amp and 
then rapidly decrease to rated value. This current inrush does not 
exceed the limits placed by the power company. 

(6) Both Class B and C motors draw about 490 per cent of rated 
current at starting, so their full-voltage starting current will be approxi- 
mately 485 amp. Since neither of these motors can be thrown directly 
across the line, there would be no advantage to using them. The 
efficiency, power factor, and pull-out torque (the maximum torque 
before the motor will stall) are all better for the Class A motor than 
for the others, and therefore it would be preferred. The Class B 
motor would also be satisfactory since its starting current would be 
lower than and the starting would be equal to the class A motor. 

Example 2. A load requiring 40 hp at 1700 rpm is to be supplied 
by a three-phase induction motor from a 220-v line. The public 
utility company has set a limit of 500 amp for starting current. The 
starting torque of the load is equal to rated full-load torque and remains 
uniform with speed. Determine the type of motor and starting equip- 
ment to be used. 

Solution: It is observed that the data conform with those of Exam- 
ple 1, except that 500-amp starting current is permissible and the load 
torque is uniform with speed. 

(1) From Example 1, the current of the Class A motor when start- 
ing across the line is excessive, but the current using the 80 per cent 
compensator is permissible. The starting torque under these con- 
ditions is 

160 X 0.80^ = 103 per cent. 

The Class A motor and compensator meet the requirements but pro- 
vide for no reserve of torque. 

(2) From the curves of Fig. 12-12 the class B motor will have a 
starting current of 99 X 4.9 = 485 amp, which is permissible. The 
starting torque would be 160 per cent of rated torque. 

(3) Since the Class B motor would (a) give a better safety factor 
on starting torque, (b) be lower in first cost because a compensator 
would not be required, and (c) be simpler in its operation and main- 
tenance, it would be the preferred choice. 

Example 3. A load requiring 40 hp at 1700 rpm is to be supplied 
by a three-phase induction motor from a 220-v line. The starting 
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current is limited to 350 amp. The starting torque of the load’ is 
specified as 125 per cent of rated full-load torque but drops to rated 
torque at 50 per cent of synchronous speed. Determine the type of 
motor and starting equipment to be used. 

Solution: This is the same as Examples 1 and 2, except for much 
more severe starting limitations. 

(1) None of the motors will meet the current limitations with 
across-the-line start. 




Percent Synchronous Speed 

Fig. 12-14. Speed-Torque and Speed-Current Curves for Example 3. 


(2) The current and torque with an 80 per cent compensator for the 
different types of motors, as determined from curves of Figs. 12-11 
and 12-12 corrected for compensator ratio, are shown below: 

Class A Class B Class C 


Current 410 310 305 

Torque 108 105 144 


Since the Class C motor alone will meet the starting requirements, it 
will be necessary to use this motor with an 80 per cent compensator. 

(3) Since the second critical current limitation occurs when the. 
motor is thrown across the line, the torque and current v. speed dia- 
grams are shown in Fig. 12-14. The torque available for acceleration 
is low, but it meets the specified requirements. The current when the 
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motor is thrown across the line is found to be within limits, and the 
Class C motor with 80 per cent compensator is selected. 

The above three illustrations not only indicate the method 
of selecting a motor from the standard types of induction motors, 
but, in addition, they indicate the reasons for having these var- 
ious types. The magnitude of starting current that is permis- 
sible cannot be arbitrarily specified, since it depends upon many 
factors. The public utility company will usually specify these 
limits for any particular situation, and their engineers should 
be consulted if there is any doubt as to the proper equipment to 
use. If the power is generated within the industrial plant, the 
limitations to the starting current must be determined by the 
best judgment of the plant engineer. Voltage variation permis- 
sible on other units on the same power circuit will be one of the 
important limiting factors. 

Exercise 12-7. What is the starting torque (in pound-feet) for a 
25-hp normal-torque low-starting-current motor having a rated speed 
of 1750 rpm? 

Exercise 12-8. What is the available starting torque (in pound- 
feet) for a 15-hp high-torque low-starting-current 11.60-rpm motor? 

Exercise 12-9. What is the starting torque for the motor of 
Exercise 12-7 if the line voltage drop (at starting) is 10 per cent of 
rated voltage? 

Exercise 12-10. What is the starting torque and line starting cur- 
rent, in percentage of rated current, for the motor of Exercise 12-7 when 
an 80 per cent compensator is used for the starting operation? 

Exercise 12-11. What is the starting torque and line current, in 
per cent of rated current, for the motor in Exercise 12-8 when a com- 
pensator with 65 per cent tap is used to reduce starting current? 

Control equipment for induction motors 

Induction motors are usually started and stopped by mag- 
netic contactors, which are controlled by push buttons placed 
at convenient locations. Figure 12-15 shows such a magnetic 
contactor for a 5-hp motor. The starting operation is per- 
formed by connecting the motor directly across the power line, 
as illustrated in Example 2 above. 

Such contactors are provided with overload protection, so 
that the motor is disconnected from the line in the case of exces- 
sive current values. This overload protection is usually 
arranged to have a circuit-opening characteristic quite similar 
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to the heating characteristic of the motor, as shown in Fig. 
12-16. This is accomplished in the contactor shown in Fig. 
12-15 by conducting the line current through self-supported 
coils that are wound close to, but insulated from, a bimetallic 
strip that trips the circuit when it becomes hot. Thus, when 
an overload occurs on one or more line wires, the coils (which 
can be seen on the lower right and left sides of the switch) 
heat the bimetallic strip, which opens the control circuit and 



Fig. 12-16. A Three-l^ole Magnetic Switch for Starting Induction Motors across 

the Line. 


trips the switch. The coils are adjusted so that the switch will 
trip before the motor becomes dangerously hot. 

Where reduced-voltage starting is necessary to limit the 
starting current, compensators are generally used, as indicated 
in Examples 1 and 3 above. Where the starting-current limi- 
tations are only slightly exceeded by across-the-line starting, or 
where economy is more important than minimum starting cur- 
rent, a set of resistances can be placed in the line, as has been 
previously explained, to limit the starting current. In the case 
of push-button control, two magnetically operated contactors 
are required. The switch that short-circuits the resistance 
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element is delayed by a timer, which permits the motor to come 
up to speed before operation. Remote-controlled starters using 
autotransformers also use two magnetically operated contactors 
with time-delay operation. Thermal overload relays are pro- 
vided on both the resistance and compensator type of starters. 
Low-voltage releases are also provided. 

Controllers for wound-rotor induction motors are designed 
to meet special requirements. These should be discussed with 



Time in Seconds 

Fig. 12-16. Typical Characteristics of Motors and Protective Devices. 

the sales engineer of one or more manufacturing companies 
before ordering. 

Exercise 12-12. A motor is needed to drive a conveyor belt that 
takes gravel from the washing plant to the concrete mixing plant on a 
large construction project. The power supply is three-phase and 
440 V, and starting currents are limited to 100 amp. The normal 
load requires a torque of 50 Ib-ft at a speed of 1750 rpm. The starting 
torque may go as high as 100 Ib-ft. From manufacturers^ catalogues 
select the correct motor and starting equipment to meet the above 
requirements. 

Exercise 12-13. A centrifugal pump in a chemical plant is 
required to supply 50,000 gallons per hour of an explosive distillate 
against a head of 50 lb gage. The pump efficiency is 55 per cent at 
full load. Select the motor and starting equipment if the power supply 
is 208 v and three-phase. No arbitrary limitation of starting current 
is set. 

Exercise 12-14. A line shaft is to be driven by a 10-hp 1750-rpm 
220-v three-phase induction motor. It is located at the end of a 
long line having 240 v at the supply end and a line drop of 20 v is 
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obtained with rated load. It is expected that the starting torque 
required by the line shaft will be about 125 per cent of rated torque 
when the bearings and oil are cold. What type of motor should be 
used? Why? 

Exercise 12-16. A belt conveyer requiring a constant torque of 
0.9 full-load rated torque and variable speed is driven by a 25-hp 440- v 
1750-rpm wound-rotor induction-motor drive, having a full-load^ effi- 
ciency at rated speed of 88 per cent, (a) What is the over-all motor 
and control efficiency when operating at 1200 rpm? (b) How does 
the input at 1200 rpm compare with that at 1750 rpm? (c) Rotor 
resistance is inserted at starting so that just sufficient torque is avail- 
able to start (at 0.9 full-load torque). What will the starting current 
be in per cent of full-load current? 

Single-phase induction motors 

In most residences and other installations using small 
amounts of power, it is not economical to supply the extra wire 
for three-phase power. This is particularly true for rural areas 
where single-phase lines are the rule rather than the exception. 
There are many places, therefore, where small motors are 
required and single-phase only is available. For this purpose, 
single-phase induction motors are used most extensively. The 
most popular sizes for household use range from ^ down to 
hp. They operate washing machines and refrigerators in resi- 
dences, and such tools as grinders, screw drivers, drills, and light 
hoists in industries. In farm installations the motor size may 
be as large as hp, and 3 and 5 hp are common. 

The power from a single-phase circuit is pulsating and not 
continuous. Likewise, the flux from a single-phase winding is 
fixed in position and alternating in magnitude rather than fixed 
in magnitude and rotating around the stator. In order to 
obtain a rotating flux to start the motor, a second winding is 
placed on the motor in space quadrature — that is, with the axis 
of the winding displaced a quarter-phase from the axis of the 
main winding. In this winding it is necessary for the time 
phase of the current to be different from that of the current 
flowing in the main winding. This condition will produce a 
flux that becomes a maximum in successive positions around 
the periphery of the motor, and thus rotating flux is obtained, 
although it is not usually uniform in magnitude. 

If the current in the second winding, usually called the start- 
ing winding, could be made to lead that in the main winding by 
90 deg in time phase (by connecting a capacitor in series with 
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it) aad could be of such magnitude that it would produce the 
same ampere-turns as the main winding, a uniform rotating 
field would result. If, however, this ideal situation does not 
exist, the field may be considered as being composed of a rotat- 
ing field plus a stationary field of alternating magnitude. The 
starting torque is proportional only to the rotating component 
of lids field. If there is no quadrature magnetomotive force, 
no starting torque is possible and the motor will not start. 

The resistance, or split-phase, type of starting winding uses 
fine wire in the quadrature field to obtain a higher resistance 



Fig. 12-17. Current Diagram for Single-Phase Induction Motors when Starting. 

and therefore has a current that does not lag as much as the 
current in the main winding. This is shown in Fig. 12-17, 
where is the current in the main winding and 7,r is the cur- 
rent in a starting winding, using resistance to obtain the power- 
factor difference. The component of I,r which is effective in 
producing starting torque is that which is in quadrature time 
phase with This is shown on the diagram as 7',r. The 
total current is the vector sum of the two currents and is almost 
twice the blocked rotor current of the main phase alone. It is 
shown in the diagram as I tr- 
io. most modern motors it has been found advantageous to 
place a small condenser or capacitor in series with the starting 
winding. This causes the current in this winding to lead the 
voltage and to be approximately in time-phase quadrature with 
the current in the main winding. This quadrafeire current is 
shown in Fig. 12-17 as 7,. and is observed to have a quadrature 
component about 50 per cent greater than the ordinary split- 
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magnitude of each being equal to one-half the maximum value 
of the original wave and constant in magnitude, but moving in 
opposite directions around the periphery of the armature at syn- 
chronous speed. Figure 12-18 shows the original pulsating wave 
and the two components for three successive instants which are 
45 deg apart in time phase. The first represents the condition 
when the flux density is a maximum. The next shows one of 
the components 45 deg to the right, while the other has moved 
45 deg to the left. Their sum produces the stationary wave, 
but with a magnitude reduced to 0.707 of its maximum value. 
The next position shows the components after they have moved 
90 deg in their respective directions. Their resultant is zero, 
as it should be, since the original magnetomotive force is zero at 
90 deg after the maximum value. 

Each of these component rotating flux waves may be con- 
sidered to act on the rotor independently of the other. In Fig. 
12-19 the clockwise torque is plotted from synchronous speed 
in the clockwise direction to zero speed and then on to synchro- 



Fig. 12-19. Speed-Torque Curves of a Single-Phase Induction Motor. 

nous speed in the negative direction. The torque with rotation 
in the direction opposite to the direction of rotation of the flux 
is less because of the increasing value of rotor reactance and 
reduced power factor as the rotor frequency is increased beyond 
synchronous frequency. 

The torque resulting from the counterclockwise component 
of flux is also plotted. The net, or resultant, torque is the sum 
of these two torques in opposite directions and is likewise plot- 
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ted in Fig. 12-19. It is seen that at zero speed the net torque 
is zero, so that there is- no starting torque, which confirms the 
previous conclusions. If, however, a rotational velocity is given 
to the rotor in either direction, a net torque will be developed 
that will tend to continue the rotation in that direction. Thus, 
when the starting winding is disconnected at about two-thirds 
speed, there is suflEicient torque available to continue the accel- 
eration to the normal operating speed. 

In some of the larger single-phase motors where increased 
power factor and smoother, quieter operation is desired, the 
capacitor winding and capacitor are built with sufficient cur- 
rent-carrying capacity to operate continuously. Such motors 
are somewhat more expensive than capacitor-start motors, but 
are used for fan service and other applications where a low start- 
ing torque is adequate. 

Another type of single-phase motor will be mentioned only. 
This is the series motor. When d-c motors were being discussed, 
the series motor was considered. It will be noted that, if both 
the field and the armature current are reversed, the torque con- 
tinues in the same direction. Thus, a series motor may operate 
on alternating current if it is built so that the losses and induc- 
tive effects are reduced to a minimum. Such a motor built in 
small sizes may be operated on either alternating current or 
direct current and is called a universal motor. When built in 
large sizes, it is often used for electric railways. 

A form of induction motor used primarily for starting has a 
commutator and is essentially a series motor. It is called a 
repulsion motor, and since it is now being replaced by the 
capacitor motor, it will not be discussed in detail. 

Synchronous motors 

General. If a squirrel-cage winding composed of conduct- 
ing bars connected to end rings is placed in the pole faces of the 
rotor of a synchronous generator as shown in Fig. 12-20, a com- 
mon type of synchronous motor will be obtained. It is started 
as an induction motor, the poleface windings acting as the squir- 
rel-cage rotor. When it reaches normal operating speed as an 
induction motor, the slip is small. The d-c circuit providing 
the magnetomotive force for the rotor poles is then closed and 
the north and south poles of the rotor lock in with the stator 
poles of opposite polarity so that the rotor revolves at synchro- 
nous speed. 
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Fig. 12-20. Rotor for a Large Slow-Speed Synchronous Motor. 

Magnetizing current in the armature. The generation of 
voltage in the stator conductors of a synchronous motor is sim- 
ilar to that of an alternator of the same number of poles and the 
same speed. Let it first be assumed that the motor is supply- 
ing no load and that the d-c exciting current does not provide 
enough mmf to give a flux that will generate (in the stator con- 
ductors) a voltage that is equal and opposite to the impressed 
voltage. From circuit studies and from the studies of the induc- 
tion motor it is known that the internal generated voltage must 
be equal to the impressed voltage except for the resistance drop, 
which is small. Sufficient stator current must therefore flow so 
that the combined magnetomotive force of the d-c field winding 
and the armature winding will produce an air-gap flux that will 
generate in the armature or stator conductors a voltage that is 
equal and opposite to the impressed voltage. In order for this 
to be true, it is necessary that the armature mmf of the stator 
(in Fig. 12-21) aid the d-c magnetomotive force. It is thus neces- 
sary that the currents in the conductor groups B”', C", B', and 
C be flowing into the paper and the currents in C", B, C', and 


(a) 

♦la 



Fig. 12-22. Vector Diagrams for Synchronous Motor — No Load. 


In Chap. 11 it was demonstrated that the voltage generated 
in phase A would be out of the paper and the impressed voltage 
would therefore be opposite to this direction. Analysis will 
show that the currents in the stator conductors will lag 90 deg 
behind the impressed voltage in time phase, which is correct 
for an inductive circuit. A phasor diagram of this is shown in 
Fig. 12-22a. It is seen that the voltage E, which would be pro- 
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neutralize the impressed voltage V and there is thus a resultant 
voltage V + E that causes an armature current to flow that 
lags 90 deg behind it in time phase. 

If now the d~c exciting current is increased, the magnitude 
of E will be increased until it is greater than V so that V + E is 
reversed in direction, as shown in Fig. 12-22b. The armature 
current will again lag the net voltage by 90 deg in time phase, 
which means that it is reversed from the current in Fig. 12-22a. 
Referring again to Fig. 12-21, it is found that this reversal of 
current means that the armature magnetomotive force now 
opposes the d-c exciting mmf. In other words, the air-gap flux 
remains essentially constant regardless of the d-c exciting cur- 
rent. The armature current either aids or opposes the d-c exci- 
tation in order to bring this about.* 

Load current in the armature. The retarding torque of the 
load has been assumed as zero in the above discussion. If now, 
with the excitation voltage equal to the impressed voltage, a 
load is placed on the motor, it starts to slow down and the 



Fig. 12-23. Phaser Diagram for Synchronous Motor — ^Loaded. 


countervoltage will drop behind the original position by an 
angle shown in Fig. 12-23. The resultant voltage will be equal 
to the vector sum of the impressed and countervoltages, which 
gives a resultant voltage leading the impressed voltage by 90 
deg. This causes a current to flow, which is in phase with the 
impressed voltage. The magnitude of this current is dependent 
upon the angle by which the rotor drops behind its position of 
phase opposition. As soon as it has dropped behind sufficiently 
so that the current flowing in the stator produces enough torque 
to overcome the load, the tendency to slow down is eliminated 
and the rotor will continue to turn at synchronous speed. The 
power taken from the line is only that required to overcome the 
retarding torque of the load and supply the losses in the motor. 


* It should be remembered that the stator windings are embedded in slots sur- 
rounded by iron, and so a large amount of flux is produced by the stator windings 
that does not cross the air gap. Because of this the air-gap flux does vary, but the 
effect on the motor characteristics is not greatly altered by this approximation. 
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Thus, the synchronous motor adjusts itself to varying' load 
torque by a variation in the angular position of the rotor. 

In Fig. 12-23 the excitation voltage was assumed to be equal 
to the impressed voltage. This gives an armature current that 
is essentially in phase with the impressed voltage and gives a 
minimum current in the armature for a specified power output. 
When the motor is underexcited, as in Fig. 12-24a, the armature 
current must not only provide for load torque, but must also 


E V + C 



(b) Overexcited 

Fig. 12-24. Phaser Diagrams for Loaded Synchronous Motor. 

supply the additional magnetomotive force to obtain the 
proper air-gap flux. It is seen that the current lags behind the 
impressed voltage by the power-factor angle 6. 

When the motor is overexcited as in Fig. 12-24b, the power 
component of armature current I''a remains essentially con- 
stant, but the phasor V + E' swings forward so that the current 
I'a, which lags about 90 deg behind it, eventually leads the 
impressed voltage by a power-factor angle 9'. There is little 
commercial importance attached to the operation of a synchro- 
nous motor with lagging power factor, as it holds no advantages. 
With a leading power factor, however, it is possible to correct 
for the lagging power factor of induction motors in industrial 
plants. 

The action of the synchronous motor is somewhat analogous 
to the action of a coupling that is connected by coiled springs 
in tension, as shown in Fig. 12-25. When there is no load on 
the coupling, the spring tensions will be balanced. When a 
load is placed on the driven shaft, however, it is displaced back- 
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ward and the driving torque is approximately proportional to 
the angular displacement for small angles. This corresponds to 

the displacement between the poles 
of the stator and the rotor. 

A common method of testing the 
performance of a synchronous motor 
is to record the variation of arma- 
ture current with field current for 
zero, one-fourth, one-half, and full 
rated load. Such a set of curves are 
known as V curves because of their 
general form and are shown for a 
typical motor in Fig. 12-26. 

It is noted from these curves that 
if the synchronous motor is to pro- 
vide power-factor correction, it must operate in the region 
of overexcitation. This requires that for an 0.8 leading power 
factor the armature must carry 25 per cent more current 



Fig. 12-25. A Spring Coupling. 
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Fig. 12-26. Typical Curves and Compounding Curves for an 80 Per Cent 
Power Factor Synchronous Motor. 

than is necessary at unity power factor, and that the field wind- 
ing must carry from 50 to 90 per cent more current than at 
unity power factor. If a motor is to operate continuously under 
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these conditions, it will require considerably more copper ip the 
windings than is necessary for unity-power-factor operation. 
When it is desired to operate a synchronous motor for power- 
factor correction, it is normal to purchase a motor that is 
designed to operate at 0.8 leading power factor. When no 
power-factor correction is necessary, the unity-power-factor’ 
motor may be purchased at a considerably reduced cost if its 
starting torque is adequate. 

Advantages and use of synchronous motors. Reference has 
been made to the low power factor of induction motors. The 
additional current-carrying capacity of generating, transmis- 
sion, and distribution equipment of the power companies with 
low and lagging power factor often causes them to make an 
extra charge when the power factor is low and lagging or to give 
a bonus when the power factor is high or leading. Under these 
circumstances it is possible to use a synchronous motor to drive 
some of the equipment and to overexcite the field, so that it 
will take leading current, which neutralizes some of the lagging 
current drawn by the induction motors. 

In small sizes, the synchronous motor and starter are con- 
siderably more expensive than an induction motor of the same 
horsepower. It is seldom economical, therefore, to use syn- 
chronous motors for power-factor correction, except in ratings 
of 100 hp or over. 

Synchronous motors of any size may be used where exactly 
constant speed is desired. They have come into extensive use 
as elements in control devices. Small synchronous motors to 
drive clocks operate without a d-c field and depend only on the 
hysteresis of the rotor steel or on the bunching of the flux at the 
rotor poles to produce torque. Modern synchronous electric 
clocks are accurate because the frequency is closely controlled 
at the power station, and any deviation is compared with a 
standard clock. Corrections are made so that the clocks nor- 
mally do not vary more than a few seconds from the correct 
time. 



CHAPTER 13 


Electric Motor Applications 

Characteristics of industrial machinery 

The problem of selecting motors and control equipment for 
driving industrial machinery involves the matching of motor 
and control characteristics to torque, speed, and control require- 
ments of the industrial equipment. Since this subject is as 
broad as the whole of industrial development, it is necessary to 
study certain typical applications, the drives and control devices 
used, and to learn from them certain generalized procedures for 
selection of motor and control equipment. 

Students often do not have specific information as to the 
characteristics of typical industrial machinery, and so this chap- 
ter will first present some of this information, which can then 
be used as a basis for typical problems. 

Pumps. One of the most common industrial machines is the 
pump. Most industrial pumps are centrifugal and are com- 
posed of impellers that are mounted on shafts and rotate within 
a casing designed to control the flow of the liquid. Centrifugal 
pumps ordinarily operate at quite high speed, so the motor is 
directly connected by means of a flexible coupling. The torque 
required at starting is friction torque only. As the speed builds 
up, the torque increases as the square of the speed. The power, 
however, builds up as the cube of the speed. 

The motor drive most commonly used is the general-purpose 
squirrel-cage induction motor. Such a motor is almost ideal for 
constant-speed operation. Direct-current shunt motors are 
used where only d-c power is available. For larger pumps syn- 
chronous motors may be used if power-factor correction is 
desired. 

When it is desired to control the flow by pump pressure, a 
variable-speed motor may be required. Multiple-speed induc- 
tion motors may be used with a throttling valve for intermediate 
control. If a continuously variable speed is desired, the wound- 
rotor induction motor may be used. Although this motor is 
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fundamentally inefficient at low speeds, the pump power 
required is so low that it makes little difference. Thus if the 
speed is reduced to the power required is reduced to ^ and 
the 50 per cent (or lower) efficiency of the motor is unimportant. 
Adjustable-speed d-c motors would be used for this service if 
d-c power is available. 

For pumps operating at high pressures and small flow, recip- 
rocating displacement pumps are often used. Rotary pumps, 
using two rotating elements to effect a displacement pumping 
effect, are also extensively used. The rotary pumps are most 
often used for heavy oils, syrups, and other similar liquids. 
Both types of pumps run at low speed and motors are ordinarily 
connected to them by belts, gears, or chains. Motors will usu- 
ally have to start these pumps against normal pressure, so high- 
torque induction motors are most commonly used. 

Nearly all types of pumps will have an efficiency of from 65 
to 80 per cent, with the most common value about 75 per cent. 
Motor horsepower to drive a pump may be computed from the 
pump output, using this efficiency with reasonable assurance 
that the error will not be great. 

Exercise 13-1. A centrifugal pump operates continuously at its 
rated speed of 1750 rpm and requires 20 Ib-ft of torque. Power of 
220 V three-phase 60 cps is available. Specify the most economical 
motor and starting equipment. 

Fans, blowers, and compressors. Fans and blowers are 
quite similar to centrifugal pumps in their characteristics, since 
they are essentially pumps applied to a gaseous fluid rather than 
to a liquid. As in the case of pumps with no change in outlet 
orifice, the volume, or flow, will vary directly with change of 
speed. The pressure will vary as the square of the speed, 
whereas the horsepower requirement varies approximately as the 
cube of the speed. 

Centrifugal fans and propeller fans perform differently when 
the discharge area is restricted to control the flow. The cen- 
trifugal fan, in which the inlet is in the center of the fan and the 
discharge is radial to a spiral casing, depends upon the centrif- 
ugal force of the gas to produce the pressure. When the dis- 
charge opening is reduced in size, the gas flows through the 
blades less rapidly, and the horsepower required is reduced. 
For the propeller type of fan, which moves the air in an axial 
direction, the closing of the discharge opening increases the back 
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pressure and thus increases the horsepower. This effect may 
be so severe as to require several times the original power. It is 
important, therefore, that air-flow control for process purposes 
not be accomplished by throttling if the blower is of the pro- 
peller type, as it may cause a motor to overheat. 

Compressors may be of either the centrifugal or the recip- 
rocating displacement type. In general, the centrifugal type is 
preferred for larger volumes and limited pressure. So far as 
motor application is concerned, they are similar to centrifugal 
pumps except that the compressors are of higher speed and will 
usually require gears to step up the motor speed. General-pur- 
pose squirrel-cage, synchronous, or wound-rotor motors are the 
most common drives, and the choice will depend upon control 
requirements, the necessity of power-factor correction, and 
other conditions. 

Reciprocating compressors are essentially slow-speed high- 
pressure units. They usually operate at constant speed and use 
either squirrel-cage or synchronous motors. In the smaller 
sizes the motors are high-speed and may use short center belts 
or self-contained gears as in gear-motors. In the larger sizes 
the motors are often direct-connected slow-speed synchronous 
motors. Engine-type motors, in which the rotor is supplied for 
mounting on the compressor shaft and the stator requires no end 
bells, are frequently used for this service. 

Exercise 13-2. An induced-draft fan requires 500 Ib-ft of torque 
at its maximum speed of 585 rpm. The friction is approximately 
constant at 25 Ib-ft. The remainder of the torque varies as the square 
of the speed. It is to be operated at speeds that are continuously 
variable down to 300 rpm. The power supply is 440 v three-phase 
60 cps. Specify the motor size, type, and control. 

Machine tools. Rapid progress is being made in the machine 
tool industry. More and more automatic machines are being 
built with corresponding variations in speed and control char- 
acteristics of the motor drive. For these specialized applica- 
tions it is usually best to work with a well-qualified representa- 
tive of one of the large electrical manufacturing companies to 
determine the motor specifications. There are many common 
types of machines, however, the motors for which can be speci- 
fied by the operating engineer. 

Saws are usually constant-speed and are driven by general- 
purpose squirrel-cage motors if alternating current is available. 
If direct current only is available, the motor will be a shunt or 
cumulative compound motor, depending upon the type of duty. 
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Shears, punch presses, and forging machines are often pro- 
vided with flywheels to store energy and assist in equalizing the 
load. In such machines high-sUp squirrel-cage motors are used 
so that the motor will slow down somewhat when the load 
increases and permit the flywheel to deliver its stored energy to 
the operation. If direct current only is available, a cumulative 
compound motor should be used. 

Cutting and turning machines usually require speed adjust- 
ment. In many small machines this is obtained by belts, gears, 
or other mechanical means. In larger machines, however, it is 
economical to provide much of this speed adjustment through 
the motor. The adjustable-speed shunt motor is most exten- 
sively used for this duty. If there are a number of machines, it 
is usually desirable to provide a motor-generator set, or rectifier 
unit, to supply constant-voltage direct current for the group of 
motors. If only one or two machines are involved, it may be 
more economical to use grid-controlled rectifiers for each motor, 
since this gives an extremely wide range of control possibilities. 
The determination of the size of the motor may be made from 
the cubic inches of metal to be removed per minute. This is 
dependent upon the type of tool and upon the metal. Con- 
stants for the more common metals are given in the following 
table for lathes and drills. 


Table 13-1 

HORSEPOWER REQUIRED TO REMOVE 1 CU IN./MINUTE OF 
DIFFERENT METALS BY MEANS OF LATHES AND DRILLS 



Lathes 

Drills 

Brass (and similar alloys) 

0.2 to 0.3 
0.3 to 0.5 
0.6 

1.0 to 1.3 

0.4 to 0.6 
0.6 to 1.0 

f.2 

2.0to 2.5 

Cast iron 

Wrought iron and mild steel (0.3 to 0.4 per cent carbon) . 
Hard steel (0.5 per cent carbon) 



These constants can be used for milling machines, planers, 
shapers, and slotters also. In most of these the horsepower 
required will follow more nearly the character of lathes than 
that of drills. 

Exercise 13-3. An engine lathe requires a 20-hp motor with 
speeds continuously adjustable from rated to half-rated value. The 
power supply is 440 v, three-phase alternating current. It is expected 
that the motor will operate most of the time at about half-speed and 
will require full speed only about 10 per cent of the time. Give three 
possible solutions with a comparison of advantages. 
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Cranes and elevators. Cranes and elevators may use either 
d-c or a-c power. The d-c power is preferable because of better 
control possibilities. When the crane or elevator is used only 
occasionally, satisfactory control can be obtained by using 
wound-rotor induction motors. If accurate control is not 
necessary, high-slip squirrel-cage motors may be used with pri- 
mary-resistance control. When the cranes or elevators are in 
continuous operation on production work, the added speed of 
operation and accuracy of control will usually justify d-c motors 
with a conversion unit to change from a-c to d-c power. 

Other industrial machinery. No specific discussion is 
included here of punches and dies, rolling operations, drawing 
of wire, manufacture of paper, and a thousand and one other 
industrial operations that require electric motors. Once the 
requirements of the individual industrial situation are known, 
the following principles may usually be applied to determine 
suitable electrical equipment. 

Exercise 13-4. The belt conveyer in a gravel-washing plant must 
deliver 50 tons of gravel per hour to a bunker that is 100 ft above the 
supply. The friction load is 2^ hp. The starting torque may run as 
high as 200 per cent of the full-load value. The power supply is 230 
V three-phase 60 cps. Specify the motor and control. 

Electric motor characteristics 

Most of the characteristics of d-c and a-c motors have been 
discussed when the theory of these machines and the reasons for 
those characteristics were being studied. It may be desirable 
to summarize these characteristics briefly and to make certain 
comparisons between d-c and a-c motors. 

Alternating-current induction motors operate normally at 
constant speed. The starting current of squirrel-cage motors 
is large, from four to seven times normal full-load current. The 
starting torque for these large currents is usually only from 100 
to 200 per cent of normal full-load torque. 

Adjustable speed may be obtained (within limits) by the use 
of double windings to give two or even four speeds. Such 
motors are, however, more expensive than the ordinary motors 
and not as efficient. Variable speed and high starting torque 
per ampere may be obtained by the use of wound-rotor motors 
with external resistance inserted in the rotor circuit. These 
motors vary in speed with changes in load and are inefficient 
so far as power utilization is concerned. 
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Alternating-current synchronous n^otors run at exactly con- 
stant speed, but have the advantage of power-factor control. 
At slow speeds and in larger sizes they are also less expensive 
and more efficient than induction motors. 

Direct-current motors are versatile, having an almost infi- 
nite variety of characteristics that can be obtained by suitable 
control equipment. Shunt motors operate at almost constant 
speed in spite of load changes. This speed may be easily 
adjusted, however, by means of a small field rheostat. An 
adjustable-speed d-c motor will normally have a speed range 
up to four times the normal base speed. It is, however, essen- 
tially a d-c shunt motor. 

When series windings are added to the fields of d-c motors, 
the control possibilities become much broader. If in addition 
some method of controlling the current flow is established, they 
can be made to produce constant torque, constant tension, or 
other specialized characteristics. 

With the development of more complex industrial machines 
and the simultaneous development of simple rectifiers, the use 
of d-c motors in industrial plants is rapidly increasing. 

Types of motor housings 


Service conditions often require special types of motor hous- 
ing. Providing such types of housing might be considered as 
packaging the motor to meet the conditions under which it will 
operate and, in general, does not involve the speed, torque, and 
control characteristics previously discussed. It is important, 


however, that the proper type 
of housing be specified if the 
motor is to give continued satis- 
factory service. 

Open motors are motors that 
have no restriction to the flow 
of ventilating air, except such as 
is necessitated by mechanical 
construction. Motors of this 
type are most common, are 
cheaper than other types, and 
may be used wherever service 
conditions are sufficiently satis- 



Fig. 13-1. Sleeve-Bearing Squirrel- 
Cage Polyphase Induction Motor. 


factory that no special protection is required (see Fig. 13-1). 
Protected motors have all ventilating openings covered with 
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wire screen, expanded metal, or perforated metal covers in order 
to prevent accidental contact with live or rotating parts (see 
Fig. 13-2). 

Drip-proof motors have their ventilating openings so con- 
structed that drops of liquid falling on the motor at an angle not 
greater than 15 deg from the vertical will not enter the machine. 

Splash-proof motors are so constructed that liquid coming at 
the motor in a straight line, not more than 100 deg from the 
vertical, cannot enter the ventilating openings Motors of this 
type could be used for outdoor applications. 

Totally enclosed motors are, as their name implies, totally 
enclosed to prevent interchange of air between the inside and 
outside of the motor housing. In case the motor shaft is pro- 
vided with a fan for exterior cooling, as shown in Fig. 13-3, this 
motor is called a totally enclosed fan-cooled motor. 

A totally enclosed motor that will exclude water applied in 
a form of a hose stream is called a water-proof motor. Motors of 
this type are used for slaughter houses and similar applications 
in which the area is washed out with a hose at regular intervals. 
They are also used where a considerable amount of dust or dirt 
exists in the air surrounding the motor. 

An explosion-proof motor is provided with an enclosed case 
designed and constructed to withstand an explosion of a speci- 
fied gas or dust that may occur within it, and to prevent the 
ignition by the internal explosion of the same gas or dust that 
surrounds the motor. 

There are other special types of housing, but the above are 
the more important ones. These special housings are available 
for either d-c or a-c motors in nearly all of the various operating 
characteristics. A motor with a special housing costs more than 
the open-type motor. The totally enclosed motor, in fact, costs 
considerably more because the difficulty of cooling necessitates a 
larger motor for the same rating. 

Bearings. A mechanical feature of the motor that is some- 
times important is the type of bearings. Horizontal motors 
have as standard equipment an oil-lubricated sleeve bearing, 
and as long as reasonable attention is given to the oil supply, 
these bearings are very satisfactory. In some applications the 
motor is difficult to reach, and in these cases it may be advisable 
to specify ball bearings, which will operate for long periods with- 
out attention. Ball bearings are also used where the motors 




Fig. 13-3. Totally Enclosed Fan-Cooled Squirrel-Cage Induction Motor with 
Parts Cut Away to Show Construction. 
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Fig. 13-2. Standard Horizontal Ball-Bearing D-C Motor, Protected with Screen 

Covers. 
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are mounted at an angle with the horizontal and where the motor 
is subject to any type of axial thrust. 

Gear motors. Most electrical motors are essentially high- 
speed machines. It is not economical to build them in small 
and medium sizes for speeds under 900 rpm. For the lower 
driving speeds gear motors using 1750-rpm motors are cheaper 
and more efficient. In most cases the motors are mounted on 
the gear case. These gears reduce the speed of the output shaft 
to the desired value, and so speeds from 4 to 1400 rpm are avail- 



Fig. 13-4. Gear Motor, Ball-Bearing, Squirrel-Cage Polyphase Induetion Design 
Output Shaft Speeds 600 to 154 KPM, with Gear Cage Heinoved. 

able from stock. They are applied to the load just as any low- 
speed motor would be applied. 

Motor ratings 

All electrical machines are rated on the basis of output. 
Thus a 5-hp motor is guaranteed to deliver 5 hp at its rated 
speed when supplied with rated voltage of the type specified on 
the name plate. The limiting factor in motor loading is the 
heating, and general-purpose motors are guaranteed to have no 
more than a 40° C rise in temperature when carrying continuous 
full load. It is assumed that the temperature of the surround- 
ing air does not exceed 20° C. If the air is cooler, the motor will 
carry some additional load without exceeding a safe temperature. 

Some types of motors are designed to have a 50° C rise, and 
these are so specified on the name plate. Totally enclosed 
motors are rated for a 55° C rise in temperature. These tern- 
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peratures are based on the use of Class A insulation which cpn- 
sists of cotton, silk, paper, and similar organic materials .filled 
with various impregnating compounds. Class B insulation con- 
sists of asbestos, glass, mica, or similar inorganic materials 
bound with special high-temperature compounds. Motors 
using Class B insulation are permitted a much higher operating 
temperature and so are used where it is necessary to reduce the 
weight of the motor, or where especially severe conditions of 
operation are expected. 

Intermittent ratings. When the motor load is not contin- 
uous but intermittent, a special motor rating may be used to 
advantage. Typical applications for motors with intermittent 
rating are cranes, shovels, elevators, drag lines, and certain 
types of machine tools. The most common intermittent time 
ratings are for 1 hour, ^ hour, 15 minutes, and 5 minutes. The 
temperature rise allowed depends upon the class of the insula- 
tion, being usually 55° C for Class A and 75° C for Class B 
insulation. 

Motors having rating times of 15 minutes or more are given 
a horsepower rating. Those rated on a 5-minute basis are given 
a rating on the basis of foot-pounds of starting torque. Such 
motors are used for valves, presses, and other devices where the 
motor makes only a few revolutions. They must develop suffi- 
cient torque to start and carry the load through its operating 
cycle. 

In giving a motor a ^-hour rating the load will be applied at 
full rated value for ^ hour continuously and then be shut off for 
several hours until the motor cools off. The actual loading sit- 
uation may deviate from the ideal; however, it should give 
approximately the same heating effect as the above to take 
advantage properly of the -^hour rating. 

Many industrial machines will have continuous operation 
with a wide cyclic variation of power drawn from the motor. 
The question of determining the proper size of motor for such 
an application is one of determining the equivalent heating 
effects of the cyclic load current, since motor ratings are based 
on temperature limits. 

Much of the motor heating is caused by the copper losses of 
load current. These losses are proportional to the square of the 
current; so to determine the average heating effect it is neces- 
sary to take an average of the square of the currents and extract 
the square root of this average to obtain the equivalent load 
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current. Such an average is called the root-mean-square, or 
rms, load. 

To obtain the average it is necessary to divide the integrated 
sum of the squared current values by the time of the cycle. This 
can be done usually without too much error. However, the 
motor does not cool as rapidly when it is stopped as when it is 
running. It is therefore usual to reduce the cycle time by 
applying a factor of ^ to the time at rest. The technique of 
determining an equivalent rms load can be demonstrated by 
the following illustration. 

Example. A drag line handling coal in a storage pile is to be driven 
by a 220-v three-phase wound-rotor induction motor. It is estimated 
that the duty cycle will approximate the following: 



Time in seconds 


Fig. 13-5. Motor Duty Cycle for Computation of RMS Load. 

Solution: (1) The equivalent cycle time is found from the sum of the 
times for each portion of the cycle with rest periods divdded by 3. 

20 + 40 -b 40 + ^ = 106.7. 


(2) The equivalent rms load is determined from the square root of 
the average squared values of load. 


rms 



102 X 20 + 7.52 X 40 + 52 X 40 
20 + 40 -b 40 -b ^ 

5250 

106.7 


= '\/49.3 = 7.01 hp (A ns.) 

'Motor control for industrial loads 


Control devices for motors achieve the following objectives. 

1. To start and to stop the motor. 

2. To disconnect the motor from the power source in case 
of excessive or continued overload. 
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3. To disconnect the motor from the pjower source when the 
voltage drops below a safe operating value. 

4. To cause the motor to operate at a predetermined speed 
or torque. 

5. To give the motor certain speed-torque characteristics 
that are desired for the industrial machine being driven. 

The^ objectives are achieved in many different ways by 
different manufacturers. They vary widely also with the type 
of motors used. 

Starting and stopp^g is usually accomplished by magnetic 
contactors. These contactors close the circuit to the motor 
when the control magnet is energized by a push button at a 
remote location. . In the case of induction motors of relatively 
small size a single multipole contactor is sufficient when pro- 
vided with satisfactory overload and undervoltage protection as 
described in Chap. 12. 

On d-c motors where resistance is inserted in the armature 
circuit during starting, the closure of several switches in sequence 
is necessary. This may be accomplished by the operation of 
several contactors in time sequence. In small motors it is usu- 
ally accomplished by a single contactor with several poles that 
make contact in sequence caused by a mechanical time-delay 
device. Such a controller is shown in Fig. 13-6. The solenoid 
on the right energizes the device and places a tension on the 
horizontal rod supporting the movable contacts. The rotation 
of this rod is controlled by a ratchet device at the lower left of 
the switch. This allows the contacts to close in a predetermined 
time sequence, so that the motor speeds up as the armature 
resistance is shorted out. Overload and undervoltage protec- 
tion are similar to that in the a-c switch. 

In many industrial applications this simple on-or-ofif control 
is inadequate. The speed must be controlled to a fraction of 
one per cent, as in the case of a paper mill, or the motor must 
be continually starting, stopping, and reversing, as in the case 
of an electric shovel. The problems involved in these widely 
varying motor applications are so extensive that books have 
been written regarding them. Only a brief comment may be 
made on them to call attention to the fact that it is possible to 
do almost anything electrically if one is willing to pay the money. 

In complicated reversing or variable-speed controls it is usu- 
ally assumed that d-c motors are used. If a-c power only is 
available (as is usually the case), the d-c is obtained by motor,- 
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generator sets or by thyratron rectifiers. Therefore, the prob- 
lems of speed control, dynamic braking, reversing, and plugging 
usually refer to d-c motors. 



Fig. 13-6. Magnetic D-C Controller without Cover. 


Speed control in d-c motors, when they are supplied from a 
constant-voltage d-c source, is usually accomplished by adjust- 
ing the rheostat in the shunt field. Speed variations of as much 
as 4: 1 are obtained in this way. To obtain greater variation or 
to obtain speeds below the normal base speed it is possible to 
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insert armature resistance. Speed conti^ol by armature resist- 
ance gives very poor speed regulation with varying load and is 
inefficient. 

Although field control on shunt motors is common, many 
d-c applications are for special machines that require a flexibil- 
ity of control beyond that available with simple shunt motors. 
It is often necessary to provide a motor-generator set to supply 
the direct current, and since a special power source is provided, 
it is usual to use the d-c generator as part of the control system. 
In this case full shunt-field excitation is maintained on the 
motor. The generator voltage is then varied to obtain speed 
control and reversal of the motor. 

Speed control may be obtained on induction motors by vary- 
ing the frequency, and this is done in some high-speed applica- 
tions where a frequency changer is used. This frequency 
changer is in the form of a wound-rotor induction machine 
driven in the reverse direction to obtain a frequency from the 
rotor circuit higher than that of the supply. 

The entire problem of motor application is essentially that 
of matching a power supply from a group of electric wires to a 
driven shaft on a machine. The number of steps necessary in 
the transfer is dependent upon the form of electric power avail- 
able and upon the variability and sensitivity of power require- 
ments at the shaft. To properly select a motor and its control 
it is therefore necessary to follow through a number of steps that 
will be described in subsequent paragraphs. 

Steps in selecting motor and control 

(1) Specify electric power available. Industrial plants are 
ordinarily supplied with either d-c or a-c power but seldom with 
both. The power system used in the plant will therefore con- 
trol to a great extent the selection of the motor for a particular 
industrial apphcation. When selecting a motor, therefore, spec- 
ify first the voltage, phase, and frequency of the power supply 
if a-c ; if d-c specify the voltage and the fact that it is d-c. 

(2) Determine the horsepower needed to drive the load. 
The horsepower needed to drive the conveyer, pump, or other 
machine may be determined in several ways. If it is a machine 
that is being purchased, the power required to operate it may 
usually be obtained from the manufacturer. If it is a machine 
that is designed locally, it will usually be best to run a test to 
determine the power for various operating conditions. To do 
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this a motor of a size larger than is estimated to be required 
may be temporarily connected or belted to the machine and the 
input measured with a wattmeter. The horsepower required is 

watts measured X motor efficiency 
Hp= — 

The motor efficiency can be estimated with sufficiently accu- 
rate rpsults to determine motor size. 

If the machine to be driven is not available, as in the case of 
a machine that has been locally designed but not yet built, the 
horsepower must be computed from basic mechanics, or the 
motor size must be determined from handbooks. This proce- 
dure usually leads to the selection of a motor that is too large, 
since the tendency is always to allow safety factors in estimat- 
ing. (Considerable economies may often be accomplished by 
a survey of the loading of motors in industrial plants and by 
replacing motors with those of smaller sizes where possible. 
This reduces power losses and improves power factor.) 

(3) Determine speed of motor. The speed of the driven 
shaft must be known and this speed must be matched to stand- 
ard motor speeds. If the shaft has a high speed that corre- 
sponds to one of the standard motor speeds, then direct con- 
nection is indicated. Since high-speed motors are much cheaper 
and more economical than low-speed motors, low-speed shafts 
on machines must be matched to motor speeds by belts and 
pulleys, by gears, or by the use of gear motors. 

Where a variation in speed is required, it must be deter- 
mined whether it will be obtained by some form of variable- 
speed mechanical drive or by variation in motor speed. If the 
speed variation is to be obtained by an adjustment of motor 
speed, then the various types of adjustable-speed motors must 
be considered that will fit the power available. The character- 
istics of these different motors have been briefly given in Table 
13-2 and have been described in greater detail in the chapters 
on d-c and on a-c motors. 

(4) Determine starting torque required. The manufacturer 
of the driven machine can often give the torque required to 
start. If the machine is in the plant, a spring balance on the 
end of a pipe wrench will give the pound-feet required to start 
the machine. The ratio of this torque to rated full-load torque 
of the motor chosen is then computed; and if it is less than about 
1.75, a normal-torque or general-purpose induction motor may 
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be used with across-the-line starter. If ^this ratio is greater than 
1.75, it is advisable to use a high-starting-torque induction 
motor. If d-c power is available and if the control is properly 
adjusted, the d-c motor will give adequate starting torque. 

(6) Determine the proper type of motor enclosure. If ordi- 
nary industrial conditions exist, it is best to use a standard open 
motor because it is least expensive and most easily ventilated. 
Splash-proof motors, as indicated in the name, are used in pack- 
ing houses and other places where splashing liquids exist. These 
motors will be satisfactory for outdoor installation in mild cli- 
mates, but regular checks of insulation should be made. For 
outdoor installation the best motor is the totally enclosed fan- 
cooled type. In extreme cold these may require heaters for the 
lubricant. These totally enclosed motors will also be used when 
excessive moisture and fumes are prevalent. The use of special 
insulation is often desirable. For explosive gas atmospheres 
one of the several types of explosion-proof motors will be used. 
Special consideration must be given to such installations, and 
qualified representatives of the motor manufacturer will assist 
in the motor specification. 

(6) Decide on type of bearing. Sleeve bearings are entirely 
satisfactory for general utility where the motor is installed 
with the axis horizontal. Where there is a possibility of the 
motor receiving a very considerable end thrust or where it is 
mounted on a tilt or in a vertical position, ball-bearing motors 
are required. Ball-bearing motors may also be preferred where 
maintenance is likely to be inadequate. 

(7) Determine power line limitations. If the motor is large, 
permission should be obtained from the power company before 
plans are made to start it across the line (full voltage). Check 
also on probable voltage variation at the point of installation to 
determine whether it will interfere with other operations in the 
plant. If reduced voltage starting is required, determine motor 
and control as indicated in Chap. 12. 

Determine what advantage, if any, will be obtained with 
use of a synchronous motor with power-factor correction. If 
the advantages of power-factor correction justify the additional 
expense, and if the synchronous motor is a suitable driving 
motor, it should be specified. 

(8) Specify the motor. With the above information and 
manufacturers’ catalogues it should be possible to specify the 
motor. Even if there are son» special features that require 
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expert advice, it is still important to assemble the above infor- 
mation as a guide to your counselor. Manufacturers’ represen- 
tatives can be very helpful, although the engineer in charge 
must always be responsible for the decision where conflicting 
recommendations are made. 

The material in this chapter has been summarized in Table 
13-2. The motor groups are divided on basis of speed charac- 
teristics. This table should be helpful, but the latest manu- 
facturers’ catalogue material should always be consulted as the 
final authority. 



CHAPTER 14 


Electron Tubes and Circuits (Diodes) 

The place of vacuum tubes and circuits in engineering 

As the extent of scientific knowledge becomes greater, new 
tools become available to the engineer. One of the most versa- 
tile of these tools has been the electron tube and its associated 
wealth of circuit possibilities. 

Some of the desirable characteristics of the electron tube 
are listed briefly below. (The reasons for these characteristics 
will be developed in the study of the tube theory, and some of the 
possible applications then will be discussed.) First, the electron 
tube, due to the low inertia of electrons, can respond almost 
instantly to a control stimulation. In fact, for most commercial 
applications, the response time is so rapid that it can be entirely 
neglected and the tube can be considered as giving instantaneous 
response. Second, the tube requires an almost negligible 
quantity of activating or control energy which provides a 
sensitivity greatly needed by many commercial applications. 
Third, it is extremely versatile because, with special circuits 
to take advantage of the characteristics of these tubes, almost 
any desired response can be obtained. Currents can be con- 
trolled from microamperes up to thousands of amperes. Volt- 
ages can be obtained and controlled from microvolts to several 
hundred thousand volts. 

Historical development of electron tubes 

During Thomas Edison’s early experiments with the electric 
lamp, he observed that if a metallic plate were sealed in the 
glass bulb of the lamp, a current would flow from the plate to 
the filament when the plate was connected to the positive 
terminal of the filament, but that no flow would occur when the 
plate was connected to the negative terminal. This discovery 
was made and recorded in 1883, but the phenomenon was not 
understood. J. J. Thompson explained the phenomenon when 
he discovered and identified the electron at the turn of the 
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century. Following the appearance of the Fleming valve in 
1904, and the invention of the audion in 1906 by Dr. Lee De 
Forest, the commercial development of vacuum tubes progressed 
rapidly. Tubes of a wide variety of sizes, types, and charac- 
teristics are now available for use. 

The already extensive use of vacuum tubes for measurement 
and control in industrial operations is rapidly expanding. The 
opportunity for engineers to make contributions to the field of 
their particular specialization by the intelligent application 
of this tool is great. 

Movement of molecules and electrons in a vacuum 

The science of physics teaches that the atmosphere is 
composed of a tremendous number of molecules moving about 
in random fashion, bumping into each other and striking the 
solid surfaces in contact with the atmosphere. The rapidity 
of movement is dependent upon temperature. The average 
distance that the molecule will travel before colliding with 
another molecule is called the mean free path of the molecule 
under the stated conditions. This mean free path at ordinary 
atmospheric pressure is only about four millionths of an inch. 
That is, the average molecule only goes about four millionths of 
an inch in its random movement before it strikes another 
molecule, and the two bounce like a couple of billiard balls to 
assume new directions and velocities. 

In a vacuum tube most of the molecules are pumped out 
of the tube so that only relatively few are left. In modern 
vacuum tubes only about one ten-billionth of the original 
molecules are left in the tube. This still leaves fifty billion 
or more molecules per cubic inch, but, since they are so small, 
the gas molecules or ions have a greatly increased average 
distance between collisions. Under the high vacuum obtained 
in most electron tubes, this path will be on the order of two 
or three inches. The electrons, being much smaller than the 
gas molecules, will have a mean free path or average distance 
between collisions of four or five times the gas molecules. 
Their mean free path is, therefore, of the order of magnitude 
of ten inches. Since in most vacuum tubes the distances 
between various parts of the tube are usually only a fraction 
of an inch, most electrons may be expected to go from one part 
of the tube to the other without striking gas molecules. Thus, 
even though there are actually a considerable number of gas 
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molecules in each vacuum tube, the electronic behavior is 
similar to that in a true vacuum. This , ability to control the 
motions of electrons without the complications of molecular 
collisions is usually desirable, and so, high-vacuum tubes are 
evacuated as much as possible and in all cases sufficiently to 
assure that the mean free path is considerably greater than the 
distance between the tube elements. 

Thermionic emission — the source of electrons 

The movement of molecules and electrons in soUd bodies 
such as metals is greatly restricted as compared to their move- 
ment in gases. The molecules do, however, vibrate within 
their crystal structure and electrons go bouncing to and fro 
with a general drift in the direction of the electric field, and 
thus constitute the electric current discussed in earlier chapters. 
The agitation or velocity of movement is dependent upon the 
temperature of the conductor. The surface of the conductor 
provides a sufficient barrier, however, so that at ordinary 
temperatures no electron gets beyond the surface. 

At high temperatures, however, the velocity of some of the 
electrons becomes so great that their kinetic energy carries 
them through the surface. This results in a cloud of electrons 
surrounding the hot metal in very much the same manner that 
the earth is surrounded by its atmosphere. Eventually this 
atmosphere of negatively charged electrons will drive just as 
many electrons back into the metal (because of the repelling 
action of the electric forces) as escape because of high kinetic 
energy, and equilibrium will be obtained. This atmosphere of 
electrons surrounding a hot body is called a space charge. A 
tungsten filament or other body, when placed in a vacuum 
tube with a positively charged plate or anode and heated until 
it is a source of electrons, is called a cathode. 

Since the molecular attractive forces at the surface are 
different with different materials, varying temperatures are 
required to give sufficient kinetic energy to the electrons to 
permit them to get beyond the effects of the surface barrier. 

Types of commercial cathodes 

Extensive experimentation has developed three commercial 
types of cathodes. The first is a pure tungsten filament. This 
operates at a high temperature and thus requires considerable 
energy to maintain the temperature. It has the advantage. 
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however, of being extremely rugged and will not be harmed 
by the bombardment of the few positively charged ions that 
are created in the tube operation. It is used, therefore, for 
high-voltage tubes where this bombardment would be destruc- 
tive to the other types of cathode. 

The second type of cathode is quite similar except that the 
tungsten filament is impregnated with thorium oxide. The 
thorium gradually migrates to the surface of the filament and 
forms a molecular layer of thorium which permits a larger supply 
of electrons at a much lower temperature. Although quite 
stable, the surface may be damaged by the high-velocity positive 
ions that are found in high-voltage tubes. This type of cathode 
is therefore used in tubes of medium voltage. 

The third type of cathode, and that used for low-voltage 
tubes, is composed of a metal surface coated with the oxides 
of barium or strontium. This cathode provides a large supply 
of free electrons at a comparatively low temperature and so 
requires only a small loss in the cathode heating circuit. This 
type of cathode, however, will not withstand the bombardment 
of high-velocity positive ions, and so is limited in its use to 
tubes of comparatively low voltage. Oxide-coated cathodes 
are used in nearly all of the small radio receiving tubes and in 
many of the intermediate sizes as well. 

The tungsten and the thoriated tungsten are usually in 
filament form, and the tube circuit is connected directly to the 
filament. In the case of the oxide-coated cathodes it is possible 
to form the oxide coating on the filament, but it is more common 
to insulate the filament or heating circuit and place it in a 
nickel or nickel-alloy sleeve. The oxide coating is then formed 
on this sleeve which is connected to the external circuit by a 
separate wire. Since with this design the heater is insulated 
from the cathode, the heaters in various tubes may be con- 
nected in series or parallel as desired, thus giving greater flexi- 
bility in circuit design. It likewise permits alternating current 
to be used as the heating source without causing hum, or inter- 
ference with the signals. 

Conventional symbols for representins vacuum tubes 

A vacuum tube is made up of a cathode or electron source, 
an anode or plate to which the electrons are attracted, and 
often one or more grids or wire meshes which are used to control 
the electron flow. These are all sealed in a glass or metal 
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envelope which has been evacuated to a veijy low pressure. The 
indication of connections in a circuit requires that certain corl- 
ventional symbols be used. These are shown in Fig. 14:-1. 

n R R — i 

DIRECTLY HEATED INDIRECTLY qriD p^TE 

CATHODE-HEATER HEATED CATHODE 



TUBE, DIODE HIGH VACUUM GAS-TUBE PHOTO-ELECTRIC 

(2 Element) TUBE ENVELOPE ENVELOPE CATHODE 



TUBE. TRIODE TUBE, TETRODE TUBE. PENTODE g., PHOTO TUBE 
(3 Element) (4 Element) (5 Element) 

Fig. 14-]. Conventional Circuit Symbols. 

Hish-vacuum diode tubes 

The simplest type of electron tube is one composed of a 
cathode, or source of electrons, and a plate or conducting 
surface which is used to attract and collect these electrons by 
virtue of its positive polarity. The cathode may be of the 
filament type, using tungsten or thoriated tungsten, or of the 
indirectly heated type with an oxide coating. In order to 
determine the performance of the diode in an electric circuit 
and so use it to best advantage, it is necessary to study its 
characteristics. An understanding of the behavior of the diode 
is likewise necessary for an intelligent interpretation of the 
performance of the triode and other more complicated tubes. 

The formation of an electron cloud or atmosphere around 
the cathode has already been described and is illustrated in 
Fig. 14-2 (a). A cathode of the oxide-film type, using a cylindri- 
cal sleeve heated by an insulated filament, is located in the center 
of a metal cylinder which acts as the plate or anode. The cloud 
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of electrons is indicated as dense near the cathode and becoming 
quite thin as the plate is approached. 

When an electron is emitted from the hot cathode, its 
velocity carries it into this cloud of electrons. It is repelled by 
the negative charges of the other electrons and so loses velocity. 
A few of the electrons having the highest velocity will carry 
past the center of the cloud, but most of them will be turned 



(a) (b) 

Fig. 14-2. Space Charge and Voltage Distribution in a Diode. 


back and will re-enter the cathode. If the plate has a positive 
potential, the electrons on the outer edge of the electron cloud 
or space charge are attracted to the plate. Because of the 
inertia of the electrons, their migration to the plate requires a 
small but finite time and these outer electrons are quickly 
replaced by the electrons emitted from the cathode. 

The acceleration of the electron is dependent upon the field 
strength or rate of potential variation with distance. If a 
study is made of the potential variation from cathode to plate 
for various plate potentials, much can be learned regarding the 
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performance of the vacuum tube. In !^ig. 14-2(b) a number of 
curves are drawn showing the variation in potential bet\^een 
cathode and plate. The curve marked (1) represents the condi- 
tion with no voltage on the plate. Under this situation the 
electrons that are emitted are practically all driven back into 
the cathode by the space charge, and no electron drift or current 
is obtained. 

When a negative voltage is put on the plate, as indicated 
in curve number (2), any electrons that get beyond the center 
of the space charge are repelled by the plate and electron drift 
is thus definitely stopped. 

When a positive voltage is appUed to the plate or anode, 
however, as in curve (3), the electrons on the outer edge of the 
space charge are attracted to the plate and a drift of electrons 
results. This drift constitutes an electric current from the 
plate to the cathode.* As the voltage of the plate is raised to 
the successively higher values, as in curves (4) and (5), the 
acceleration of the electrons toward the plate is increased and 
the space charge is decreased. In fact, when the voltage of the 
plate becomes as high as that of curve (5), the space charge has 
practically been eUminated and the electrons are attracted 
to the plate as fast as they are emitted. Thus, when the voltage 
is raised still further, no further current is obtained because all 
of the electrons emitted are already being drawn to the plate. 

The results of these phenomena are observed experimentally 
when, with a constant value of filament current, the voltage of 
the plate is gradually raised and the resultant current is meas- 
ured. With a filament current of If. the current is found to 
vary as indicated in Fig. 14-3. The current is zero as long as 
the plate is negative. It increases continuously with an 
increase of positive voltage until a critical value is reached, 
after which it remains essentially constant. These results 
confirm the conclusions reached by the analysis of the field 
and space charge of Fig. 14-2. When the current is limited by 
the number of electrons emitted, the tube is said to have 
reached temperature saturation. 


* The choice of positive and negative polarity in electricity was made long 
before the existence of electrons, which have a negative charge, was known. This 
arbitrary selection has resulted in the positive direction of current flow being 
opposite to the direction of electron drift, and has thus caused some confusion. 
In this text the standard terminology of current flow will be used, and, when 
electron drift or electron flow is used, it will be so designated. 
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If the experiment is repeated with a higher value of filament 
current, thus giving a higher temperature cathode, a new 
curve of current vs. plate voltage is obtained and is labeled 
as If. It is observed that over much of the range there is 
very little difference between the two curves and that they do 
not tend to deviate appreciably until the region marked (a) 
is reached. With plate voltages below this critical magnitude, 
the current is controlled primarily by space charge. For 



Fig. 14-3. Tiimitation of Diode Current by Temperature. 

voltages greater than this, the current is primarily controlled 
by the number of electrons emitted; and since the emission is 
greater with the higher temperature cathode, the second curve 
becomes constant at a higher current value. 

Tube rating 

Wlien the electrons reach the plate, they have received 
considerable acceleration and thus contain an appreciable 
amount of kinetic energy. The kinetic energy per electron 
is directly proportional to the voltage between plate and 
cathode. The bombardment of the plate by these electrons 
produces heating; and since the tube operation requires that 
the plate be relatively cool, this usually limits the current flow 
that may be permitted. Very seldom in commercial applica- 
tions, therefore, does the current in a vacuum tube reach a 
value even approaching temperature saturation. 

Thus the diode normally operates with a considerable space 
charge, and the electron drift or current flow is determined by a 
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balance between the plate voltage and space charge. The 
voltage of the plate and the current flow through the tube are 
usually dependent upon the circuit in which the tube is used. 

Gas tubes 

Although many electron tubes are highly evacuated, another 
type of tube is becoming increasingly important in the field 
of industrial application. In these tubes a small amount of gas 
is allowed to remain, and so they are known as gas tubes. 

The movement of molecules and electrons in a gas was 
discussed in an earlier paragraph. Electrons in an electric 
field are accelerated, and the velocity attained is dependent 
upon the voltage through which they drop. Thus, an electron 
that has fallen through a potential of 10 v will have a velocity 
somewhat greater than 1000 miles per second; and when it 
has fallen through 20 v, it will have a velocity greater than 
1500 miles per second. When an electron obtains this high 
velocity, it has sufficient energy to tear an electron from some 
of the gas molecules. The potential through which an electron 
must drop before it has sufficient kinetic energy to disrupt a 
normal atom of a gas, and thus produce an electron and a 
positively charged ion, is called the ionizing potential of the gas. 
For the gases used in electron tubes, this ionizing potential is 
between 10 and 20 v. 

The operation of the tube is influenced greatly by the amount 
of gas in the tube. When a large amount of gas is present, the 
length of the mean free path is so short that the free electrons 
never have a chance to attain an ionizing velocity before they 
strike a molecule and lose much of their velocity. As the 
amount of gas is reduced, the length of the mean free path is 
increased, and a few electrons achieve ionizing velocities. 
When this occurs, the current for the same potential drop across 
the tube is increased. As the gas pressure is still further 
reduced, the number of electrons attaining ionizing potential is 
increased and the current flow increases. This process con- 
tinues until the length of the mean free path begins to approach 
the distance between the cathode and anode or until the number 
of gas molecules becomes so few that ionizing collisions are 
reduced instead of increased when the pressure is reduced. 
Gas tubes are manufactured to operate at a pressure close to 
the optimum ionizing condition. 

When the gas in the electron tube is ionized, it not only 
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supplies additional electrons for current flow but also pro- 
vides a large number of positive ions which, because of their 
large mass in comparison with the electron, drift relatively 
slowly toward the cathode. These positive ions tend to 
neutralize the space charge and thus facilitate the flow of elec- 
trons from the cathode to the plate. 

The presence of the gas produces a tube which has a much 
different current-voltage characteristic than that of the high- 
vacuum diode. This is shown very strikingly in Pig. 14-4, where 



Fig. 14-4. Plate Characteristics of a Hiph-Vacuum (5T4) and Gas (83) Rectifier 

Tube. 

the current-voltage characteristics of a high-vacuum diode and 
a mercury-vapor diode are plotted on the same chart. It is 
noted that when a potential difference of 12 v is reached, the 
current increases almost indefinitely with no increase in voltage. 

Since diodes are used most extensively for rectifier service, 
and since the voltage drop across the tube represents a power 
loss, the gas diode is much more efficient than the high- vacuum 
diode. The current is limited by the resistance of the load, with 
only suflScient voltage appearing across the tube as is needed 
to supply the ionizing potential. 

Rectifier circuits 

Electrochemical processes, variable-speed motors operated 
from a-c power lines, and many types of electrical instrumenta- 
tion require the use of electronic rectifiers, which are, therefore, 
one of the most common electronic devices. These rectifiers 
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vary in size from a single tube a fraction, of an inch in diameter 
to units of six or twelve tubes, each more than a foot in diameter 
and supplsdng several thousand amperes of direct , current. In 
fact, some large rectifier installations are composed of as many 
as twelve units of twelve tubes each, all operating in parallel 
so that they might be said to use a total of 144 of these large 
diodes.* Rectifier voltages vary from a few volts needed for 
small instruments to several hundreds of thousands of volts for 
testing cables and for operating Cottrell-type precipitators to 
recover waste material in chemical processes. 

The sinsle-phase rectifier 

When a single diode is used in a circuit similar to the one 
shown in Fig. 14-5, it is said to be a half-wave rectifier because 



it passes current during only the half wave in which the plate is 
positive with respect to the cathode. The output current 
is shown in Fig. 14-5 (b) as occurring in pulses of sinusoidal form. 
This assumes that the voltage drop in the tube is negligible. 
The average value of current is shown dotted and is (l/x), or 
32 per cent of the maximum value. The half-wave rectifier is 
seldom used because the periodic or pulsing character of the 
current is usually undesirable. 

When two diodes, or the equivalent doubU diode, which is a 
single tube with two anodes and a common cathode, are used 
in a circuit such as shown in Fig. 14-6, a full-wave rectifier is 
obtained. This gives a current such as is shown in Fig. 14-6(a), 
and, although it is not continuous, it is much more nearly so 
than the current from the half-wave rectifier. 

In this circuit the transformer secondary is provided with a 
center tap to which the load is connected. The current, which 


* See Chapter 16, page 325. 
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is unidirectional in the load, flows first in one direction and then 
in the other in the transformer, and so normal a-c flow is obtained 

in the transformer. The 
average current flow in 
the load is twice that 
of the half-wave rec- 
tifier of the same voltage. 
This gives a value of 2/7r, 
or 64 per cent of the max- 
imum value. 

Polyphase rectifiers 

When polyphase volt- 
ages are available, it is 
possible to use more di- 
odes and obtain both ad- 
ditional current-carrying 
capacity and greater uni- 
formity of voltage. 
Thus, using a three- 
phase power source with 
the secondary of the 
transformers connected 
in Y, the connection dia- 
gram of Fig. 14-7 (a) is 
obtained. Since the 
voltage across a resist- 
ance is directly propor- 
tional to the current flow, 
the voltage of cathodes 
above ground is proportional to the current flow. This is shown 



(a) 



_L 


Time 


(b) 

Fig. 14-7. Elementary Three-Phase 
Rectifier. 


Diode 
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Primary 


in Fig. 14-7 (b). Current will flow in aiiy diode only when the 
anode is more positive than the cathode. This occurs, in a 
three-phase circuit, only during that one third of the cycle in 
which the voltage of the anode is higher than that of the anodes 
of either of the other tubes. Each tube, therefore, carries 
current only one third of the time, and since the heating of 
the anode is proportional to 
the average current, three 
times as much current can 
be carried as with a single- 
phase half-wave rectifier us- 
ing the same type of tube. 

The average voltage and 
current have risen to 83 per 
cent of the maximum 
value. 

When a transformer 
connection similar to that 
shown in Fig. 14-8 is used 
with six diodes, a six-phase 
rectifier results. Here, 
since each tube carries 
current but one sixth of 
the cycle, the capacity of 
the rectifier is still the sum 
of the average current 
capacity of all the tubes. 

The average current and 
voltage have now reached 
95 per cent of the maxi- 
mum value and so are 
quite constant. 

This reduction in the 




Fig. 14 - 8 . 


Elementary Six-Phase Diode 
Rectifier. 


fluctuation of current and voltage is one of the important advan- 
tages of the polyphase rectifier. In fact, in some rectifiers the 
transformer connections are arranged to obtain as many as twelve 
phases and thus develop even more constant voltage. 

The above conclusions have been based upon the assumption 
that the voltage drop in the tubes was small in comparison 
to the total voltage. Where the tube drop of ten to fifteen 
volts is an appreciable portion of the total voltage, some cor- 
rections in the analysis are necessary for accurate results. 
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Mercury-arc rectifiers 

The oldest form of electronic rectifier is the mercury-arc 
type. In this type, a pool of mercury is used as the cathode. 
It becomes a source of electrons when an arc is drawn from 
an auxiliary contact. After the initiation of the arc, it is 

maintained by current 
flow from one of several 
electrodes which draw 
current continuously 
through the tube. The 
mercury surface is bom- 
barded by the positive 
ions in the arc stream, 
which produce a high 
temperature at the sur- 
face of the mercury, 
which in turn provides 
the source of electrons. 
The chief advantage of 
this type of tube is the 
ability of the mercury 
pool to supply an almost 
limitless number of 
electrons, thus enabling 
the tube to carry a large 
current. 

Mercury-arc rectifi- 
ers are built in large 
sizes and usually have 
three, six, or more an- 
odes for a single mer- 

Fig. 14 - 9 . Metallic-Tank High-Voltage Mer- ^Hry pool. Fig. 14-9 
cury-Arc Rertifier, shows a photograph of 

a large steel tank recti- 
fier, and Fig. 14-10 shows a schematic wiring diagram for a six- 
anode rectifier. * 

Operation of sas-tube rectifiers 

Although hot-cathode gas tubes are more efficient than 
vacuum tubes for rectification, they will not withstand such 

* A further discussion of polyphase rectifiers is included in Chapter 16, where 
the use of the ignitron for rectifiers is explained. The ignitron itself is discussed 
in Chapter 15. 
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high inverse voltages. That is, the high voltage from plate to 
cathode may cause some ionization, and when this occurs, the 
tube may carry current in the reverse direction, which (in poly- 
phase rectifiers) creates a short circuit. For very high voltages, 
it is usual, therefore, to use vacuum-tube diodes as rectifiers. 

When gas tubes are used, the cathode must be permitted 
to reach normal temperature before the plate voltage is applied. 
If the plate voltage is applied 
when the cathode is cold, an 
insufficient number of electrons 
will be available to supply normal 
current, and an excess of potential 
will develop across the tube. 

This will give the positive ions so 
much acceleration that they will 
damage the oxide coating of the 
cathode. 


Supply 


Filter circuits 

Although the voltage obtained 
with even a single-phase rectifier 
is satisfactory for many industrial 
applications, certain instruments 
as well as radio transmitters and 
receivers require much more con- 
stant voltage. This constant 
voltage is obtained from rectifiers 
by the use of filter circuits com- 
posed of inductors and capacitors, 
or of resistors and capacitors. 

The most common filters are 
composed of inductors and capac- 
itors as shown in Fig. 14-1 1 . The 
inductance, being of low resist- 
ance, has a very small voltage drop as long as the current is 
constant. When, however, the current changes, voltages are set 
up in the inductance tending to oppose the change. This tends 
to compensate for voltage variations and thus produce a more 
uniform current in the load. 

A small voltage variation will nevertheless appear across 
the load, and since the condenser is in parallel with the load, 
any change in voltage will cause a current to flow in the con- 
denser circuit. These currents in the condenser tend to stabilize 



Fig. 14-10. Schematic Diagram for 
Six-Anode Mercury-Arc Rectifier. 
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the voltage across the load still further and will usually give 
satisfactory load voltage. 

In cases in which very accurate voltage stabilization is 
required, a second filter section is added as shown in Fig. 
14-1 1(b). Each section will permit only a small percentage of 
the voltage ripple to pass through it. For instance, if one 
section permitted 5 per cent of the voltage ripple to pass, then 
two sections would pass only one fourth of 1 per cent of the 

L 


Load 

(a) 

Li L2 

Load 


(b) 

Fig. 14-11. Choke-Input Filter Circuits, (a) Single-Section, (b) Two-Section. 

voltage ripple. Since the ripple voltage is much smaller than 
the d-c voltage, a single filter section will usually reduce the 
ripple voltage to about 1 percent of the d-c value even in a single 
phase rectifier. 

The phototube 

One of the very useful two-element tubes is the phototube, 
which is conducting when light strikes it. Some substances 
emit electrons when light shines on them. This property is 
used in the manufacture of the phototube. A large surface of 
light-sensitive material forms the cathode, while a rod of metal 
that is not light-sensitive acts as the anode. These are placed 
in an evacuated glass envelope and the anode is given a positive 
potential. The circuit is shown in Fig. 14-12, and the current 
flow is proportional to the intensity of illumination on the tube. 
Variations of intensity of light appear as variations in voltage 
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across the load resistance which, when amplified, may be used 
to trigger thyratron tubes, which will be studied in Chapter 16. 

Phototubes are made both with 
high vacuum and as gas tubes. 

When they are highly evacuated, 
they are more stable and respond 
more quickly. The advantage of 
the gas tube is in its ability to de- 
velop a larger current for the same 
electron emission due to ionization, 
and therefore it is somewhat more 
sensitive. 

These tubes are used to perform many useful and ingenious 
control functions, such as opening doors, counting, sorting, 
grading, maintaining precise register in printing, actuating 
safety devices, and a host of similar jobs. 

The 3I0W tube 

The last of the diodes to be discussed is the glow tube. In 
this tube, which is gas filled, the cathode is cold. Electrons 

are pulled from the cold 
cathode surface by a high- 
potential gradient or volt- 
age differential at the 
cathode. 

Since the emission of 
electrons requires a critical 
value of voltage, the glow 
tube is useful as a voltage 
control tube. In other 
words, it will maintain a 
constant voltage with a 
considerable current variation. This is shown in the circuit 
of Fig. 14-13, where the voltage across the tube will remain 
constant even though there is a wide variation of input voltage 
and current. These variations of voltage are absorbed in the 
voltage drop across the resistance B as the current varies. 
Such a constant voltage is often used as a reference voltage in 
electronic control devices to maintain a constant voltage supply, 
in spite of considerable variation of the source voltage. It may “ 
also be used as a constant reference for control of speed or for 
other industrial control operations. 



Fig. 14-13. Regulated Voltage Supply. 


Anode 



Fig. 14-12. Circuit for Photo- 
tube. 



CHAPTER 15 


Electron Tubes and Circuits (Triodes and Other 
Multi -Element Tubes) 

Construction and operation of a vacuum-tube triode 

In the diode it was found that the current flow was con- 
siderably affected by the space charge. If a third tube element 
composed of fine wires spaced at relatively large intervals is 



(a) (b) 

Fig. 16-1. Voltage Distribution in a Triode, 

placed between the cathode and the plate, it is possible to 
control the density of the space charge and the current flow in 
the tube by a small variation in the voltage of this element. 
,In early tubes, this third element was similar in its construc- 
tion to a gridiron, and so it was called a grid. The name has 
continued even though the structural form of the element has 
changed. 
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In Fig. 15-1, a tube similar to the diode of Fig. 14-2 is shown. 
It has a heated nickel cylinder coated with barium or strontiutn 
oxide for a cathode and a cylindrical plate which has a positive 
polarity. It has, in addition, a helical wire grid which sur- 
rounds the cathode. The dash line indicating potential dis- 
tribution in Fig. 15-1 (b) corresponds to curve (4) in Fig. 14-2. 
If the grid is at cathode potential as indicated by curve (1), it 
will have no effect on the current flow. If, however, its poten- 
tial is made more negative, it tends to repel the electrons of the 
space charge and will thus 
reduce the electron flow. 

The grid wires are widely 
spaced, and so, for small neg- 
ative potentials, the electrons 
close to the grid will be re- 
pelled, but the electrons 
between the grid wires will be- 
have very much as they did 
before. The space charge 
may be considered to bulge 
out between the grid wires 
similar to the tufts of a 
mattress. A somewhat more 
accurate description is that 
the higher-speed electrons 
which are directed toward the space between the grid wires 
may be deflected somewhat by the grid, but they will not 
be turned back. The slower electrons will be deflected so 
much that they will be turned back into the space charge. As 
the grid becomes more and more negative, many of the higher- 
speed electrons are deflected sufficiently so that they are 
turned back, and the electron flow becomes less and less. 
Eventually the grid becomes so highly negative that all electrons 
are turned back, and the flow ceases entirely. When the grid 
is given a potential other than that shown in (1), the potential 
distribution is radically changed as shown in curves (2), (3), 
(4), and (5). Although these curves do not indicate the leaky 
character or progressive action of the grid potential, they do 
show its average effect on the space charge. 

Since the grid is located close to the cathode, a change in 
its potentials will have a much greater effect on current flow 
than the same change in potential when applied to the plate. 



Fig. 15-2. Circuit for Obtaining Triode 
Characteristics. 
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These relationships are demonstrated in a study of the charac- 
teristic curves of triodes. 

Characteristic curves of triodes 

The variation of plate or anode current with changes in grid 
and plate voltages may be studied by the use of the circuit in 

Fig. 16-2. 



Grid Volts 

Fig. 15-3. Mutual Characteristics of 6J5 Triode. 


In order to determine the effect of grid-voltage change, the 
plate voltage Ef, is held constant and the grid voltage Ec is 
varied. The relationship between the grid voltage and plate 
current, which is called the mviual characteristic, can be plotted 
on a graph. Fig. 15-3 shows a family of such mutual charac- 
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teristics, each with a different constant plate voltage, py 
interpolation between curves, it is possible to determine the 
plate current for any combination of plate and grid voltages. 

These curves are nearly straight hnes for most of the operat- 
ing range, so that it may be said that the variation in plate 
current is approximately proportional to the variation in grid 
voltage. This characteristic of a triode makes it useful as an 
amplifier, as will be explained later. 

The same information given in Fig. 15-3 may be shown by 
plotting the variation in plate current with change in plate 



Plate Volts 

Fig. 15-4. Plate Characteristics of 6J5 Triode. 

voltage when the grid voltage is held constant. Such a family 
of curves is shown in Fig. 15-4, and these are known as 'plate 
characteristics. Under some circumstances, the mutual charac- 
teristic curves are the more convenient, but for most circuit 
computations involving vacuum-tube triodes, the plate charac- 
teristics are preferred. 

Tube characteristics 

Although the families of curves discussed above are often 
used in the analysis of tube performance, it is sometimes 
desirable to use certain parameters called tube characteristics. 
These are known as the amplijicaiion jacior, the mutual conduct- 
ance, or transcond'uctance, and the internal, or plate resistance. 

The amplification factor, usually designated by the Greek 
letter p, (mu), is the ratio of the change in plate voltage to the 
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change in grid voltage necessary to maintain a constant magni- 
tude of plate current. Thus 

^^AEc 

for constant plate current. 

Referring to Fig. 16-4, the distance from A to B represents a 
plate-Vbltage variation of 40 v necessary to neutralize a grid- 
voltage change of 2 v. The amplification factor of this particu- 
lar tube would, therefore, be equal to 20. In most triodes the 
amplification factor ranges from 10 to 40, although special 
tubes may have factors considerably beyond this range. 

Mutual conductance, or transconductance, is designated 
by the symbol gm, defined as the ratio of a small change in the 
plate current to the small change in grid voltage which produced 
it. Thus, 

“ AE, 

for constant plate voltage. 

In Fig. 15-4, a change of 5 ma in plate current is represented 
by B-C and is caused by a grid voltage change of 2 v. 


_ 0.0050 

Qm — ^ 


0.0025 mho. 


In order to get away from the decimal values, most tube trans- 
conductances are listed in terms of micromhos. Thus the 
transconductance of the tube shown in Fig. 15-4 would be 2500 
micromhos. This constant is a measure of the effectiveness 
of the grid in controlling plate current. 

The internal or plate resistance is designated by Vp and is 
defined as the ratio of a small change in plate voltage to the 
change in plate current which results. Thus, 





for constant grid voltage. In Fig. 15-4, a change of 40 v on the 
plate A-B produces a change of 5 ma in plate current. 

From the above definitions, it is evident that 
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It is thus possible to obtain any one of the tube characteristics 
if the other two are known. 

To the experienced engineer, these characteristics give much 
information as to the merit of a tube for iise in any particular 
circuit. 

The triode as a relay or valve 

A simple application of the triode is observed in its use as a 
very sensitive relay. In Fig. 16-5 it is used to control the 
temperature of a water bath. In this application, a sensitive 
mercury thermometer has electrodes mounted in the stem 
so that the mercury com- 
pletes the connection to the 
grid circuit of a 6J5 tube, 
the characteristics of which 
are shown in Fig. 8-3. A 
6- volt negative grid bias is 
used with a 1-megohm re- 
sistor in series. The plate 
potential is 100 v. When 
the thermometer does not 
complete the connection, 
the grid blocks nearly all the 
plate current so that the re- 
lay does not operate, and 
the power supply to the water heater is connected. When the 
temperature rises sufficiently for the mercury to make contact 
with the upper electrode, the grid is brought to zero poten- 
tial, and the plate current jumps to 8 or 10 ma (depending upon 
the resistance of the relay), which operates the relay and discon- 
nects the water heater. The mercury column of the thermom- 
eter is required to make and break a circuit carrying less than 
one one-hundred thousandth of an ampere at 6 volts, so 
little maintenance difficulty is experienced. This illustrates the 
previous reference to the very small amount of energy required 
to operate the grid, which is one of the chief advantages of the 
vacuum tube for industrial applications. 

The triode as an amplifier 

Many of the uses of the vacuum-tube triode involve its 
ability to amplify a very small variation in voltage, which is 
impressed on the grid, into a much larger current or voltage 



Fig. 15-5. Temperature Control on Con- 
stant-Temperature Bath. 
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variation in the output circuit. This output may then be used 
to accomplish many different objectives. One instance of its 
use is to ampUfy the voltage variation across fine resistance 
wires cemented to the surface of machinery or structural 
elements, such as the wings of an airplane, so that stresses on 
power dives may be determined. These resistance wires are 
stretched or compressed as the surface of the structural ele- 
ment undergoes these same 
deformations. When the var- 
iations of resistance are am- 
plified and recorded on 
oscillographs (ammeters which 
will respond to high frequency 
and record instantaneous vari- 
ation of currents), the record 
can be used to study the prob- 
lems of structural design. In 
most of these applications it is 
necessary to use several ampli- 
fier tubes in tandem, and the 
manner of doing this will be 
taken up in a later paragraph. The fundamental operation of 
the triode as an amplifier and methods of circuit computation 
must first be mastered. 

The basic connection diagram is given in Fig. 15-6, which 
is observed to be similar to the connection used in Fig. 15-6 but 
without the complications involving the practical application. 
The vacuum tube has a mutual characteristic (including the 
load resistance) for the constant battery voltage Ebj, as shown in 
curve A of Fig. 15-7. Grid voltage is plotted along the hori- 
zontal axis and plate current along the vertical axis as in Fig. 
15-3. The constant grid-bias voltage Eg is shown at n and the 
corresponding plate current at o. Two additional diagrams 
are superposed on the mutual characteristic. One is a time- 
grid voltage variation in the form of a typical radio signal 
voltage shown in the lower left portion of the figure. The time 
starts at s and continues to g. The grid voltage is composed 
of the addition of the constant grid bias Ee and the signal 
voltage e,. 

The variation of the grid voltage produces a similar varia- 
tion of plate current with time, and this is shown in the upper 



Fig. 15-6. Triode with Resistance 
Load. 
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right portion of the figure. Here time starts from Si and con- 
tinues to g\. When the grid voltage is at Ec, the plate current 
is at 0. It then decreases to about one half of Eg &nd the plate 
current rises to b. When the signal voltage reverses, the grid 
bias increases to about one and one-half Eg and the plate current 
drops to a. This continues, with the plate current having a 



Time * 

Fig. 15-7. Grid Voltage-Plate Current Relations in a Vacuum-Tube Amplifier. 
(The waves are sine waves. They are shown as straight lines for convenience 
only.) 


variation with time that is exactly similar to the input signal 
voltage, as long as the portion of the mutual characteristic 
involved is a straight line. 

The conversion of grid-voltage variation into a plate- 
current variation permits amplification of the signal, because 
this variation of current can in turn be converted to a variation 
in voltage through the use of the voltage drop across the load 
resistance R. In general, this variation of voltage across the 
load will be much greater than the input-signal voltage, which is 
demonstrated in the following paragraph. 
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The equivalent circuit of the triode 

The plate resistance of the tube was defined as the ratio 
of plate-voltage change to plate-current change. This is 
shown in the form of an equivalent circuit in Fig. 15-8 (a), where 
a variation of plate voltage Cp is introduced into the circuit. 
This will produce a resultant variation in plate current ip. 


rp 



•■p 



Fig. 18-8. Equivalent Circuit of the Vacuum-Tube Triode. 

The form of this current variation is shown in Fig. 15-9. In the 
equivalent circuit the constant flow of h, or average plate 
current is not considered, since it contributes nothing to the 
amplification of the input signal, and attention therefore is 
concentrated on the effect of the current variation. This 



Fig, 15-9. Components of Plate Current in a Vacuum-Tube Triode. 

equivalent circuit is of little use except to show how a similar 
equivalent circuit, using grid-voltage input, may be arranged. 

Since a variation in grid voltage will produce n times as much 
change in plate current as the same variation in plate voltage, the 
input voltage in Fig. 15-8(b) is considered to be nCg. This 
equivalent circuit makes it possible to compute the voltage varia- 
tion across the load resistance when the input grid voltage is 
specified. If the tube under consideration is the 6J5, whose 
characteristics are shown in Figs. 15-3 and 15-4, the n is 20 and 
the plate resistance is 8000 ohms. As a particular case, the load 
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resistance will be assumed to be 20,000 ohms. If the variation 
of resistance of a wire strain gage cemented to the surface 
of an airfoil produces a voltage variation across it of niv, 
then the voltage inserted in the equivalent circuit would be 


jue, = 20 X 0.0001 = 0.002 v. 
The change of current would be 

HCg 0.002 




fp + Rl 8000 + 20,000 


7.2 X 10“* amp. 


The change of voltage across the load resistance would be 


eu^ = = 20,000 X 7.2 X 10"* = 1.44 X lO"*. 

The ratio of the change in voltage across the load resistance 
to the grid voltage (the voltage amplification of the amplifier) 
is then 

en,. 1.44 X 10-» ... 

— - = TT-: = 14.4. 

e, 10“^ 

If the voltage variation across the load resistance is now applied 
to the grid of another tube, the same process may be repeated. 

Exercise 16-1. A triode having a #» of 12 and an of 8000 ohms 
has a resistance load of 30,000 ohms. What will be the voltage varia- 
tion available across the load resistance when a grid-voltage variation 
of 20 mv is impressed? 

Exercise 16-2. What is the actual voltage amplification for an 
amplifier stage having y, = 18, fp = 25,000 ohms, Ri = 50,000 ohms, 
and Cg — 300 yv? 


Resistance Reactance Transformer 

Coupled Coupled Coupled 




Fig. 16-10. Methods of Loading and Coupling Vacuum-Tube Triodes. 


Amplifier stages in series 

When several vacuum-tube triodes are used in series to 
amplify small variations in voltage, it is necessary to apply the 
voltage variation of the load of one tube to the grid of the next 
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tube. If each tube is supplied with its own plate voltage and 
the grid-bias voltage, then the various types of direct connection 
illustrated in Fig. 15-10 are possible. The impedance of the 
load (for instance, an inductive reactance) would appear in the 
equivalent circuit for each type of coupling used. 

Since it is not economical to provide separate voltage supplies 
for each tube, it is common practice to insulate the grid of the 



Fig. 15-11. Coupling Condensers (or Transformers) Permit a Common Hot of 
Batteries to Be Used for a Number of Tubes. 


following tube from the d-c component of the plate voltage 
by means of a condenser. Such a circuit, using a resistance 
as the plate load, is shown in Fig. 15-11. Here a common 
plate-voltage supply and a common grid bias are used. The 
voltage variation is transmitted to the grid of the second tube 
through the condenser Ci. The average grid voltage is main- 
tained at the proper value by the high resistance {Rg) connection 
to the grid-bias voltage supply. 

Example. Assume that the vacuum tube of Fig. 15-11 has a jit of 

20 and rp of 8000 ohms. 
The circuit values are as 
follows: 

' Bl = 20,000 ohms 
Rg ^ 1 megohm 
Cl = 0.004 /if. 

Determine the amplifi- 
cation of the first stage 
when the grid voltage is 2 mv at a frequency of 5000 cycles. 

Solution: Since the resistance of the batteries to the high-frequency 
current is negligible, the equivalent circuit will be as shown in 
Mg. 16-12. 
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(1) The reactance of the condenser is 

3. ^ J_ 10^ 

2irSC 2ir X 5000 X 0.004 
= 7950 ohms. 

(2) The impedance of the 20,000-ohm resistance with the 1 megohm 
and 7950 capacitive reactance in parallel can be computed as indi- 
cated in Chapter 7, or an approximation may be used. Since the 
1-megohm resistance is 50 times the load resistance, an error of less 
than 2 per cent will result if the impedance of the parallel circuit is 
assumed to be 20,000 ohms. Therefore, this assumption will be made. 

(3) The plate current flow is 


. _ tlCg 0.04 

“ r, + Rl ~ 8000 + 20,000 
= 1.43 X 10“® amp. 

(4) The voltage across Rl is 

= 20,000 X 1.43 X 10-8 
= 28.6 X 10-3 V 
= 28.6 mv. 

(5) The voltage across Rg is equal to the voltage across the load 
resistance multiplied by the ratio of the resistance Rg to the impedance 
of Rg and Xc in series. 

= Vl, 000, 0002 + 7950* 

= 1,000,000 approx. 

The ratio of Rg to Zg is therefore approximately equal to unity. The 
voltage across the grid of the next tube is then equal to the voltage 
across the load resistance, which is 28.6 mv. 

(6) The voltage amplification for the stage is then 



The above example indicates several general conclusions with 
respect to the capacitor coupling to the grid of the following cir- 
cuit. First, if the grid-circuit resistance is large in proportion 
to the load resistance, the parallel Rg circuit will have very 
little effect on the voltage across the load resistance. Second, 
as long as the frequency of the signal is sufficiently large that 
Xc is small with respect to Rg, then the voltage impressed on the 
grid of the next tube will be approximately the same as the 
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voltage across the load resistance, because the voltages across 
Xc and Rg are added in quadrature. The condenser coupling 
of the grid, as the above type of circuit is called, greatly simpli- 
fies the problem of providing the various voltages needed for 
the operation of a vacuum-tube amplifier, because a single 
battery or rectifier can be used for many tubes in parallel. 

As shown in Fig. 15-10, it is possible to use an inductive 
reactance load on the tube in place of the resistance Rl. This 
has the advantage that it lowers the over-all impedance of the 
equivalent circuit because the resistance of the tube and load 
reactance are in quadrature. The lower impedance makes pos- 
sible a larger effective current variation and a correspondingly 
larger voltage variation across the load. The disadvantage 
of the inductive reactance load is that it is sensitive to frequency 
variation, and, where a wide range of frequencies must be 
amplified, it is not satisfactory. This voltage variation can be 
transferred to the grid of the next tube by a condenser coupling 

just as with the resistance 



e’e 


Fig. 16-13. 


A Transformer-Coupled 
plifier. ' 


Am- 


load of Fig. 15-11. 

When a transformer is 
used as the coupling device, 
it insulates the grid circuit 
of the following tube from 
the d-c plate voltages, and 
so no coupling condenser 
is required. It has the fur- 
ther advantage that some 
additional voltage multi- 
plication may be obtained by using a larger number of turns 
on the secondary winding of the transformer. The following 
example shows how this circuit may be calculated. 

Example. The transformer-coupled circuit shown in Fig. 15-13 
uses a transformer having three times as many turns on the secondary 
as on the primary. The primary has an inductance (with the second- 
ary open) of 4 h and a resistance of 2000 ohms. Determine the 
voltage amplification when a voltage of 5 mv at 500 cycles is impressed 
on the grid of the tube. The tube has a m of 20 and a plate resistance 
of 6700 ohms. 

Solution: (1) The impedance of the plate circuit is 

Zp = iXp + rt)2 4- Xi^ 

= V(6700 -h 2000)2 + (2x500 X 4)^ 

« \/87002 + 12,6002 = 15,400. 
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(2) The ragnal plate current is 


ne„ 20 X 0.005 
~ Zp ~ 15,400 


6.5 X 10“* amp. 


301 
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(3) The voltage across the primary of the transformer is (since 
the grid circuit of the following tube is essentially an open circuit) 

et = ipZt = 6.5 X 10-* V2000^ + 12,600* 

= 6.5 X 12,800 X 10“* 

= 83.2 mv. 


(4) The grid voltage on the next tube will be three times the 
voltage of the transformer primary, since the turn ratio is 3 to 1, so 

e/ = 3 X 83.2 = 250 mv. 

(5) The amplification ratio is 

= 50. 



Fig. 15-14. Electronic Voltage Regulator. 

The selection of the proper condenser and resistance values 
and other design features of amplifier circuits is beyond the 
scope of this text. The above explanation indicates, however, 
the manner of making performance calculations on amplifier 
circuits. 
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Exercise 16-3. An amplifier stage has, as a plate load, an inductor 
with a resistance of 1000 ohms and an inductance of 2 h. The /x of 
the tube is 25 and the plate resistance is 20,000 ohms. The grid of 
the following tube is coupled through a capacitor of 0.004 juf and has 
a grid resistor of 1 megohm. Compute the amplification ratio of the 
amplifier when a 1-mv signal is impressed on the grid at a frecjuency 
of (a) 10,000 cycles and (b) 100 cycles. 

Exercise 16-4. Determine the amplification ratio for the following 
transformer-coupled amplifier at a frequency of 1000 cycles. 

Tube constants: 

/I = 40 = 25,000 ohms. 

Transformer constants, primary impedance: 

Tt = 2500 ohms. Lt = 3 h. 

Turn ratio, 4 secondary to 1 primary. 

Exercise 16-6. The VR-75/30 tube in Fig. 15-14 will 

start to draw current 
at about 73 volts and 
this current will increase 
to about 30 milliamperes 
at 76 volts. The other 
two vacuum tubes are 
normal triodes. Analyze 
the operation of the circuit 
in maintaining a constant 
output voltage. 

High-frequency oscilla- 
tors 

In the study of a-c 
resonant circuits in 
Chapter 7, it was learned 
that energy is stored al- 
ternately in the magnetic 
field of a coil and in the 
dielectric field of a capac- 
itor. When a coil with 
Fig. 15-15. Current Oscillations in an L-C very small resistance is 

connected in parallel 
with a capacitor, very little external power is required to 
maintain a large oscillation of power between the coil and the 
condenser. 

If an isolated coil and capacitor are connected after the 
condenser has been charged, this same oscillation of power 
will occur at the resonant frequency of the coil and capacitor. 
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It cannot be maintained indefinitely, hoWver, as the energy 
stored in the capacitor will be dissipated in the resistance 
of the wires of the coil and connections. This is shown in Fig. 
15-15, where the oscillations of current are shown for a coil and a 
capacitor. The magnitude of the oscillating current gradually* 
decreases, just as a swing will gradually stop when no one pushes 
it. If the resistance of the coil is fairly high, the current will 
die down rapidly, as in (b), but if 
the resistance is very low the 
oscillations may continue for 
some time as in (a) of the figure. 

In a high-frequency oscillator, 
such a natural oscillatory circuit 
is connected in the plate circuit of 
a triode, as indicated in Fig. 

15-16. A second coil having a 
mutual coupling with the main 
coil is connected to the grid of the 
tube. The voltage variation 
developed in this secondary coil, 
when applied to the grid, causes a high-frequency current to flow 
in the plate circuit. The high-freqmncy current in the plate circuit 
is sufficient to supply the losses of the coil, and so the oscillation 
continues. 

The energy to maintain the oscillations is drawn from the 
source of d-c plate voltage. This is analogous to the supply 
of energy to the balance wheel of a watch from the mainspring. 
In the watch, the escapement mechanism converts the con- 
tinuous source of spring pressure to impulses which maintain 
the oscillation. In power oscillators used for high-frequency 
heating of gears, for surface hardening, and for dielectric heating 
of plastics, this same principle of impulses is used. In this type 
of oscillator, the grid bias is sufficiently large that no current 
will flow except on the positive peak of the grid-voltage wave. 
Thus, the impulse that comes with the positive peak of the grid- 
voltage wave of each cycle is used to maintain the oscillation. 

The chief advantage of this method of operation is that 
considerably more power can be developed with the same tube. 
One of the main limitations on tube operation is the tempera- 
ture of the plate, which must not get so hot that it melts or 
becomes distorted. The heating of the plate is caused by the 
bombardment of the electrons and so is almost directly proper- 



Fig. ]6~16. A Vacuum-Tube Oscil- 
lator. 
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tional to the product of the average current flow and the plate 
voltage. The continuous current portion of the plate current 
contributes nothing to the stimulation of the high-frequency 
oscillations, but it does produce heating of the plate. If this 
direct-current component is reduced, then the stimulation may 
be considerably greater without overheating the tube. 



Fig. 15-7. Instantaneous Currents and Voltages in the Triode of a Power 

Oscillator. 

Such a method of tube operation is shown in Fig. 15-17, 
where the variation in voltages on the plate and grid are plotted 
for a circuit similar to Fig. 15-16. In this case, the grid is biased 
considerably beyond cut-off so that current does not begin to 
flow in the plate circuit until Eg nears its maximum positive 
value. Since the grid voltage does swing positive, the plate 
current for this short time is quite high. When the grid is 
positive, there is a small electron flow to the grid which increases 
the negative grid bias of the tube, since it takes an appreciable 
length of time for the charge to leak off the grid through the high 
resistance Rg. This action limits the magnitude of the positive 
swing of the grid and in turn the excitation of the oscillatory, 
or tank, circuit.* 


* The biasing effect of grid current during the positive swing of the grid is 
adequate to provide all of the negative grid voltage. The battery Ec of Fig. 15-16 
is not needed and so is not normally used. 
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The magnitude of the oscillations Will depend upon the 
grid bias, the ratio of Eg to Etc, the tube characteristics, 
and the resistance of the oscillatory circuit. The ratio of 
Eg to Elo must be high enough to maintain oscillations. Also, 
the grid bias must not be so large that adequate plate current 
cannot be obtained. The balance between these various 
factors and the natural losses in the circuit is automatically 
controlled by the self - biasing action of the grid. This 
action is obtained when the positive grid-voltage peaks 
become so large that the electron flow to the grid is increased 
and consequently the negative grid bias is also increased. 
The oscillations that cause the grid voltage are therefore 
reduced. 

Only one of the more elementary types of oscillator has been 
discussed. In some oscillators the mutual coupling to the grid 
is through a portion of the condenser in the main oscillatory 
circuit. In others, the oscillatory circuit is located in the grid 
circuit rather than in the plate circuit. One example of a 
commercial oscillator for high-frequency heating is given in 
Chapter 16. 

Theory of the gas triode or thyratron 

The operation of the gas diode was discussed in Chapter 14. 
The addition of a grid to this type of tube produces charac- 
teristics which make it very useful in a wide variety of indus- 
trial applications. 

When the grid is highly negative with respect to the cathode, 
all of the electrons that are evaporated from the cathode are 
repelled, and none of them attain sufiicient velocity to ionize 
the gas atoms. There is, therefore, no appreciable current flow 
in the tube, regardless of the plate voltage. As the negative 
grid potential is reduced, eventually a few electrons will escape 
past the grid, and these are accelerated to the ionizing velocities. 
As soon as ionization occurs, the tube becomes highly conducting 
and the voltage difference between the cathode and anode drops 
to about 20 V, the minimum voltage necessary to produce 
ionization. When ionization occurs, the tube is said to fire. It 
acts as an open or closed switch with a constant voltage drop 
of about 20 V. The grid voltage at which ionization will occur 
is somewhat dependent upon the magnitude of the anode voltage, 
and this relationship is shown in Fig. 15-18(a). Here the graph 
shows the negative values of grid voltage at which the tube will 
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fire with different anode voltages. These values are called 
the critical grid voltages because with grid voltages more negative, 
no current flows, and with grid voltages less negative, complete 




Fig. 15-18. (a) Typical Thyratron Control Characteristics, (b) Critical Grid- 

Voltage Characteristics of a Thyratron Tube with an A-C Plate Voltage. 

ionization is obtained. In other words, the tube characteristic 
is discontinuous at this point. 

When the tube is once ionized, it is impossible to block the 
flow of current with the grid because the positive ions form a 
neutralizing cloud around the grid when it becomes negative 
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and ionization continues. In order to turn the switch off or |;o 
stop the current flow in a thyratron, it is necessary to remove 
the positive voltage on the anode long enough for the tube to 
de-ionize. Since this involves the combination of a large number 
of electrons with positive gas ions, the time required is in the 
order of one ten-thousandth of a second. Because it is neces- 
sary to remove the anode voltage in order for the grid to regain 
control of the tube, it is common practice to use an a-c voltage on 
the anode. With 60 cycles, it is then possible for the grid to 
gain control 60 times per second. 

It is often convenient to' plot the critical negative grid 
voltage against time with an a-c voltage on the anode. This is 
done in Fig. 15-18(b) and indicates clearly the grid voltage 
necessary for the tube to fire at any time during the half cycle 
that the anode is positive. In a typical thyratron, a negative 
grid potential of four volts will prevent firing with an anode 
voltage of four hundred volts, while if the anode voltage is 
raised to five hundred volts, the negative grid voltage must 
be increased to five in order to continue to prevent ionization. 

Grid control of the thyratron. The gas triode makes an 
excellent relay since it operates at a fixed predetermined grid 
voltage. When it fires, full-load current is immediately 
obtained. It has high current-carrying ability with low-voltage 
drop between plate and cathode. The grid may be controlled 
by a photoelectric tube, a vacuum-tube triode, a sensitive con- 
tacting device, or any other method that will give a grid voltage 
less negative than the critical when it is desired to have the 
tube operate. 

The thyratron may also be used to supply a unidirectional 
current of variable average magnitude for various control 
purposes. This is usually done by controlling the phase of the 
grid potential so that the tube will fire at different portions of 
the half cycle during which the plate is positive. This is shown 
diagrammatically in Fig. 15-19. The method of obtaining the 
phase shift is not indicated, but the effect of such a phase 
shift on the average current flow is shown for several phase 
positions of the grid voltage. In Fig. 15-19(b) the grid voltage 
is in phase with the plate voltage and the maximum current 
flow is obtained. 

The average current is proportional to the area under the 
current curve. In part (c) of the diagram, the grid potential 
has been given a lag of 90°, so that the critical negative grid 



308 


MULTI-ELEMENT TUBES 


[Chap. 1 5 

voltage is not reached until the anode voltage has reached almost 
maximum value. The area under the current curve is thus 
reduced to almost half of the previous value. When the phase 
of the grid voltage lags still further, the time of firing of the 
tube is delayed still more and the area under the curve (the 
average value of current) is reduced to a small value indeed. 



It is thus possible to vary the average value of current to a 
motor or other device over a wide range by the variation of the 
phase of the grid voltage of a thyratron. This can be done 
with small loss and often with comparatively inexpensive 
equipment. 

A phase-shiftins circuit 

The use of phase-shifting circuits is so general that one 
type of such a circuit will be discussed. In Fig. 15-20 a voltage 






The voltage Vmn, measured from the midpoint of the trans- 
former secondary to the connection between X, and R, will lag 
by an angle j8 which is twice as large as the angle of current 
lag d. When the resistance has been greatly reduced, the cur- 
rent flow in the circuit will be much larger and will lag by a 
large angle B'. The voltage Vmn will continue to have the same 
magnitude but will lag by an angle which is still equal to 
twice B'. Thus the voltage Vmn is constant in magnitude but 
varies in phase position as the resistance value is changed. 
A similar result can be obtained by using a fixed capacitor and 
variable resistor. The more usual variation is the use of a 
fixed resistor and a variable reactor of the saturable core type. 

The use of such circuits to provide the phase control for 
thyratrons (or ignitions) in various types of industrial equip- 
ment is quite common. 
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Thyratron control of d-c motors 

In Chapter 6 it was shown that the speed of d-c motors could 
be controlled by a variation of either the field current or the 
armature voltage. In order to obtain the benefits of the con- 
trol characteristics of d-c motors when a-c power only is avail- 
able, it is necessary to supply the motor through some form of 
rectifier. 

Thyratrons (or ignitions) are a common form of rectifier 
used for this purpose. Furthermore, by applying phase con- 


ARMATURE SUPPLY FIELD SUPPLY 




Fig. 15-21. Simplified Diagram of Thyratron Motor Control. 


trol to the grids of the tiiyratrons, it is possible to establish a 
highly efficient, extremely sensitive, and unusually versa- 
tile control of these motors. This has been found to be of 
particular value in the drives for many modern machine 
tools. 

A simplified diagram of this type of control is shown in 
Fig. 15-21. At the right of the diagram, the field circuit 
of the motor is supplied by a rectifier using two gas diodes. 
In the center portion of the diagram, the motor armature is 
supplied by another rectifier using two thyratron tubes with 
phase control on the gride. 






Fig. 16-22. Four Basic Units of Which “Thy-Mo-Trol” Drive Is Made Up: 
D-C motor, “Thy-Mo-Trol” panel, anode transformer, and control station. 
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This phase control is shown in the left section of the diagram 
and is similar to the control described in Chapter 7, except 
that in this case the resistance is constant and the magnitude 
of the inductance is varied by means of a saturable reactor. 
The voltage from the midtap of the supply transformer to the 
phase-shifting point between the resistor and the inductor is 
impressed upon the primary of the transformer marked TZP. 
The two secondaries (T3S-1 and T3S-2) of this transformer are 
independently connected to the grids of the thyratrons. They 
control the firing time of these tubes and thus the magnitude of 
the average armature current. 

The action of the saturable reactor is described more fully 
in Chapter 19. It is used here to control phase shift because 
of the ease with which vacuum tubes can vary the inductance 
by control of the d-c current from a third rectifier shown 
in the upper left-hand corner. Although, for simplicity, the 
d-c current controlling the saturable reactor is shown in Fig. 
15-21 to be varied manually by a rheostat, this current is 
electronically controlled in the actual equipment. Thus, the 
electronic control unit is activated by changes in armature 
voltage (which is proportional to speed) or in armature current 
(which is proportional to torque) and in turn varies, through 
its vacuum-tube circuits, the average current in the saturable 
reactor and therefore in the d-c motor. 

By adding grids with phase control to the rectifier tubes 
supplying the field, it is possible to obtain field control also. 
With this versatile control and with the electron and sequence 
timers available, it is possible to produce complicated motor^ 
operations automatically. 

Many refinements are added to nearly all commercial 
forms of this control. These can be worked out from the 
manufacturers’ literature when necessary. Sales representa- 
tives are also glad to assist in explaining, the operation of their 
equipment. 

The ignitron tube 

The ignitron tube is a three-element tube having charac- 
teristics similar to the thyratron except that it can be manu- 
factured to carry currents up to several thousand amperes. 
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The diagram of Fig. 15-23 shows t^he construction of the 
ignitron tube. The cattode is a mercury pool located in the 
bottom of the tube. The anode is usually a graphite cylinder 
supported by an insulator in the top of the tube. The main 
current connections are shown by the heavy black conductors 
at the top and bottom of the tube. The ignitor is the sihcon- 
carbide (Carborundum) pencil which dips into the mercury. 

In operation a current pulse is applied from the ignitor to 
the mercury when it is desired to fire the tube, or to cause it 



Fig. 16-23. Coiibt i action of an Ignitron. 


to conduct. The action of this pulse is such that the current 
flow causes one or more minute arcs at the contact surface 
of the carborundum pencil and the mercury, thus providing 
an initial supply of electrons which starts the ionization process. 
This pulse is usually supplied by a thyratron, as it is necessary 
to fire the tube each cycle when it operates on alternating 
current. Various methods are used for timing the pulses, 
depending upon the application of the tube. 

The ignitron has two main industrial uses. The first is 
in the precision control of current in spot welding and seam 
welding many different types of metal. The second is in the 
rectification of alternating current for industrial use. An impor- 
tant advantage of the ignitron as an electrical relay is that there 
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are* no moving parts, and therefore low maintenance results. 
Also, special foundations are not required and fire hazards are 
reduced. 

Multisrid high-vacuum tubes 

So many special tubes have been constructed with the 
vacuum-tube triode as the base that it is impossible to discuss 
most of them. The screen-grid tube (the tetrode) and the 
pentode are used so extensively, however, that they must be 
mentioned. 

In the tetrode, or four-element tube, a second grid is placed 
between the control grid and the plate. When the tube is 
used as an amplifier, this grid is given a positive potential which 
will remain constant regardless of load. This potential is often 
equal to the maximum plate voltage. It performs two impor- 
tant functions. First, it prevents any electrostatic coupling 
from the plate to the grid, and thus eliminates the possibility 
of unwanted voltages being fed back into the grid circuit, which 
might cause distortion or even oscillation. It is called a screen 
grid because it screens the control grid from the effects of 
variable plate voltage. The second function of the positive 
potential is to maintain uniform acceleration of electrons in 
the tube in spite of variation of plate voltage. Since the triode 
plate voltage normally goes down, because of the drop in the 
load as the plate current increases, this tends to operate in 
opposition to the effect of the grid. When the screen grid with 
constant potential is inserted, it increases the amplification 
of the tube considerably. When used as a straight amplifier, 
the operation is much the same as that of the triode, but with 
the above-mentioned improved characteristics. 

When the plate becomes considerably less positive than 
the screen grid, some flow of electrons from the plate to the 
screen grid is obtained due to the emission of electrons at the 
plate caused by the bombardment of the plate by the electrons 
from the cathode. This emission is called secondary emission. 
A number of circuits have been devised that use the peculiar 
screen-grid current characteristics of this tube, but they are 
beyond the scope of this text. 

In the pentode the current flow in the screen-grid circuit 
due to secondary emission was recognized as undesirable for 
most amplifier applications, so another grid at cathode potential 
was, inserted between the screen grid and the plate of the tube. 
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This low-potential grid prevents thef electrons of secondary 
emission from being attracted to the screen grid. 

Cathode-ray tubes 

The present use of cathode-ray tubes in meters and instru- 
ments and the probable future extended application of them 
to the instrumentation problems of industry require that they 
be described and their operation explained. A diagram of a 
typical cathode-ray tube is shown in Fig. 15-24. 

The hot cathode K supplies the electrons. The control 
grid G permits those electrons which are in the center of the 
tube to pass through to the accelerating electrodes F and A. 
Because of the special geometric form of these electrodes, 



l'i«. 15-24. Schematic Anuiiscmcut of Kioctiodes in a Cathode-Kay Tube of tlio 
Electrostatic-Deflection Type. 

they not only accelerate the electrons but also focus them, 
into a narrow stream or beam, which is directed to the screen 
S. This screen, which is circular, is covered with a lumi- 
nescent material which glows when bombarded by the high- 
velocity electrons. 

The stream of electrons passes between the parallel plates 
at B. If a difference of potential is applied to these plates, 
it will cause the electron stream to be deflected toward the 
plate that is more positive. By causing the plate potential 
to vary with time, the spot may be made to sweep across the 
screen. The voltage on this sweep circuit usually increases 
linearly with time for a short period of time and then returns 
suddenly to zero again, after which the voltage again starts to 
rise. When a signal voltage is placed across the control plates 

y (which are perpendicular to those at B), and when the 
periodicity of the sweep circuit is synchronized with the sig- 
nal frequency, the signal appears on the screen. The wave 
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form shows its variation with time. Since the electron beam 
has almost no inertia, it can respond to very high frequencies, 
and so is useful beyond the range of most meters. 

One of the most promising uses for this type of tube is in 
the field of television, where it acts as a television receiver. It 
has, however, found many applications in the field of military 
and industrial measurements. 



f 



CHAPTER 16 

Heating, Welding, and Electrochemical Processes 

Heatins 

The advantages of electric heating for industrial purposes 
include the ease with which it can be supplied locally, the 
accuracy with which the temperature can be controlled, the 
ability to control the atmosphere within a furnace, the extremely 
high temperatures which can be obtained, and in some types of 
heating the abiUty to localize the heat in a particular portion 
of the article to be heated. 

In kettles and ovens (below 400° C) the heating is usually 
accomplished by forcing current through resistor heater ele- 
ments, which, by conduction, convection, and radiation, trans- 
mit the heat to the industrial product. In electric furnaces 
(above 400° C) the heating may be accomphshed by resistor 
units, by having the current flow through the material to be 
heated, by inducing current in the material to be heated electro- 
magnetically, or by concentrating the power in an electric arc 
which by radiation and reflection from the walls of the furnace 
heats the product. Since it is impossible to cover all of the 
various methods of heating in detail, representative examples 
only will be given. More detailed discussions will be found 
in the collateral reading. 

Resistor-type heating. In most cases the resistor is entirely 
separate from the material being heated. Thus, in a kettle 
for cooking purposes, the resistance units are usually placed 
outside of the kettle but are so arranged that the transfer of 
heat from the unit to the kettle is facihtated. This is shown 
in the photograph and diagram of Fig. 16-1. 

Exercise 16-1. A 50-gal kettle is to be heated by electric power, 
(a) How much power will be required if the kettle is filled at 70° F 
and must be brought to a boil at 220° F within one-half hr? (It 
may be assumed that 2.5 watt-hours are required to raise 1 gal of 
the charge 1° F.) (b) What current would be required to supply 

this kettle at 220 v d-c or single-phase a-c? (c) What current would 
be required at 220-v three-phase a-c? (d) 'V^at power would be 
I 317 





Fig. 16-1. (a) Calrod Heat- 

ing Unit with Cut-Away Section 
to Show Helical Conductor Im- 
bedded in Magnesium Oxide 
Powder, and the Whole Enclosed 
in a Steel Tube, (b) Typical 
Construction of Heating Tanks 
for Industrial Use. (c) Installa- 
tion of a Tank for Heating Oint- 
ment Prior to Filling Containers. 
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needed if the time required to bring the charge to a boil is extended 
to 1 hr? 

A very common type of resistor furnace is used for production 
brazing, sintering, heat treating, and so on. The product is 
fed through the furnace either by a continuous chain or by 
revolving rollers. The resistor units are mounted on the roof 
of the furnace and low on the sides of the furnace. The con- 
struction includes a short entry chamber, a heating chamber. 






'A A 




? w'.- 




Fig. 16-3. Mesh -Belt Conveyor-Type Electric Copper-Brazing Furnace 
(Without End Chamber), Showing Construction of Roof Heating Elements, 
Hooks, Insulators, and Method of Mounting. 


and then a rather long cooling chamber so that no strains are 
introduced in the material during the cooling period. 

Fig. 16-2 shows a drawing of such a brazing furnace. The 
locations of the resistor units are shown. These are selected so 
as to produce the most uniform temperature condition in the 
product. Fig. 16-3 shows the method of suspending the resistor 
units from the roof of the furnace. A photograph of such a 
furnace which is installed and operating is shown in Fig. 16-4. 

Exercise 16-2. In an oven using nichrome wire one unit has burned 
out. This unit is operated continuously and provides the main 
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source of heat. The conductor in the old unit was 60 ft long and 
drew 150 amp from a 120-v source. Operating experience indicates 
that more satisfactory operation will be obtained if the power input 
to this unit is reduced 15 per cent. If nichrome ribbon | in. in width 
may be obtained in thicknesses from 0.03 to 0.10 in steps of 0.01 in., 
what length and thickness should be ordered to repair this unit? 



Fig. 16-4. Roller-Hearth Sintering Furnace, Charging End. Door opening, 
20 in. wide, 8 in. high; heating chamber, 10 ft long; cooling chamber, 30 ft long; 
rated 110 kw. 


Submerged resistor type of induction furnace. A variation 
of the resistor type of furnace is found in the induction type, 
where the metal to be heated acts as the secondary circuit of a 
transformer. Such a furnace is shown in Fig. 16-5. It is not 
easy to change alloys in this type of furnace because the old 
charge must be emptied and the new one started with a batch of 
molten metal. Furnaces of this type are, therefore, particu- 
larly satisfactory for 24-hour service in melting one particular 
metal or alloy. The secondary is shown in Fig. 16-5 as a F slot 
having a rectangular cross section. A furnace such as this 
provides a simple and interesting example of a one-turn trans- 
former secondary. 

Example. Determine the number of primary turns and size of 
iron core required for an induction furnace similar to that of Fig. 16-5 
under the following operating conditions: 
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(a) Primary voltage is 220 v. 

(b) Power capacity (maximum) is 60 kw used for melting. 

(c) Power capacity (minimum) is 8 kw used to hold the tempera- 

ture overnight. 

(d) Cross section of the V slot is 1 in. by 3 in. 

(e) Length of the V slot is 40 in. 

(f) Resistivity of the molten metal is 40 microhms per inch cube. * 


Fire Clay 
Ti 


Insulating 

Concrete 


Insulatin 


Rammed 


Cement 



Secondary 


Fig. 16-5. Core-Type Induction Furnace. 


(g) Permissible flux density in the core is 75,000 lines per sq in. 
Solution: The resistance of the secondary circuit is 

= P 2 = 40 X 10-® X y 
= 5.33 X lO--* ohms. 

The heating in the secondary for maximum power is 
P = im, or 60,000 = X 5.33 X 10--^. 

72 == 113 X 108. 

I = 10,600 amp for maximum power. 


In order to produce this current, a voltage will be required equal to 

IR = 10,600 X 5.33 X 10-^ 

= 5.65 V. 

* This is the resistance between the opposite faces of a 1-in. cube. 
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The primary turns for maximum power will be 


220 

5.65 


39 turns, < 


and the primary current will be 


10,600 

39 


270 amp for maximum power. 


The heating in the secondary for minimum power U 

P = PR, or 8000 = P X 5.33 X 10“^ 
/2 = 15 X 10^ 

I = 3870 amp. 


Voltage per turn will be 


IR = 3870 X 5.33 X 10"^ = 2.071 v. 


Primary turns required are 


220 

2.071 


106 turns. 


Primary current is 


3870 

106 


36.6 amp for minimum power. 


To determine the cross-sectional area of the core, it is first necessary 
to determine the flux required. 


e per turn 
d<j> 
4> 




— X 10“* = sin 2irfdL 

lO^EroBx sin 27rfdt. 

10®^7n»x j sin 2Trfdt 


108 £^„»x 

27r/ 

lO^E^ 

27r/ 


COS 27r/. 

_ 5.65 X V2 X 10» 
“ 27r X 60 


2,120,000 lines. 
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Cross section required is 


2,120,000 

76,000 


28 sq in. 


A core of 5 by 5.6 in. would be satisfactory. 

The above illustrative problem indicates that the power to the 
induction furnace is reduced by an increase in the number of turns 
of the primary winding. It also illustrates, in a very elementary way, 
the method used to design such a furnace. The effects of leakage 
reactance have been omitted, although in an actual design they would 
necessarily be considered. 

Exercise 16-3. A 100-kw furnace similar to that in Fig. 16-5 has 
the following data given: 

(a) Primary voltage is 440 v. 

(b) Maximum power input is 100 kw. 

(c) Minimum power input is 10 kw. 

(d) V slot is li by 3 in. and is 60 in. long. 

(e) Resistivity of the molten metal is 35 microhms per inch cube. 

(f) Permissible flux density is 65,000 lines per sq in. 

How many turns would be needed for the primary winding for both 
maximum and minimum power? Would the conductors on the 
primary winding all be of the same size, or would two different-sized 
conductors be used? Why? What cross section would be required 
for the core? 


Electric-arc furnaces. Much of the refining of steel for 
castings is done in electric furnaces which use an arc between 
three very large carbon rods and the metal surface to supply 
the heat. In this case the power is supplied through a three- 
phase transformer of high reactance so that the arc current is 
easily controlled. The arc itself has a negative resistance — 
that is, the current will increase indefinitely with only a limited 
voltage applied. The high reactance acts, therefore, to limit 
the current to a specific value as adjusted by the furnace 
control. 

The power factor in both the submerged resistor induction 
furnace and the arc furnace varies from about 50 to 85 per cent. 
The lower power factors are not usually satisfactory, so it is 
customary to install static condensers in parallel with the 
transformer primary to supply the inductive reactive current 
locally rather than through long electric power lines. Thus a 
small amount of conducting material made into condensers 



HEATING 


325 


Chap. 16 ] 


will often save the necessity of using many times this amount 
of material in electric power transmission and distribution 
lines. 



Fig. 16 - 6 . Typical Layout of Electric Equipment for Arc Furnace. Equipment 
includes furnace transformer, switch gear, and control. 


High-frequency induction heaters. High-frequency cur- 
rents are extensively used to heat the surfaces of gears and 
rollep for heat treating and also for heating localized areas for 
brazing and soldering. The high frequency is supplied by 
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induction from a coil of water-cooled copper tubing to the part 
to be heated. Thus, if a small gear is placed in the center of a 
coil as shown in Fig. 16-7 and a high-frequency current flows in 
the coil, the coil acts as the primary of a transformer and the gear 
itself acts as the secondary. As is explained in the theory of 
transformers, a current will tend to flow in the secondary 
(or gear) which will oppose the magnetomotive force of the 
primary current. In this type of transformer the current in 



Fig. 16-7. (a) Inductively Heating J-in. (Outside Diameter) Gear for Harden- 

ing, Using a 15-kw Electronic Heater, (b) A Part of a Surface-Hardened Gear, 
Heated Electronically, and Polished and Etched to Show Depth of Hardened 
Zone. 

the primary is approximately constant, and so the secondary 
current tends to neutralize most of the magnetomotive force 
of the primary and thus hold that flux to a miniTniiTin In order 
to do this the secondary current will flow just as close to the 
coil as is possible, and in a gear or cylindrical object placed in 
a solenoid the current will therefore flow on the surface. This 
is particularly true of iron and steel, which are good magnetic 
conductors. 
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With very high frequency and high current flow it is poss:ible 
to heat the surface of gears to hardening temperature without 
permitting the heat to penetrate more than a few hundredths 
of an inch into the part. This is shown in Fig. 16-7 (b), where a 
section of the gear has been cut and polished to show the depth 
of the hardening. The hardening of the tooth root is prevented 
and the teeth thus retain their proper strength. This tendency 
of the secondary current to flow on the outside surface is some- 
times called skin effect. 

Where high frequency is used to provide localized heat 
for soldering and brazing joints, the high-frequency coils should 
follow the joint as closely as possible because, even with non- 
magnetic materials, the current in the secondary or part being 
heated will flow as close to the coils as possible. In this way, 
the currents in the secondary may be controlled so as to pro- 
duce the heat where it is most effective. This is shown in 
Fig. 16-8, where the primary coils are so placed as to concen- 
trate the heating along the joint to be soldered or brazed. 

Although the final solution to the design of high-frequency 
heating coils usually involves an experimental procedure, the 
following rules may be helpful as a guide. 

(1) The coil should take the approximate shape of the part 
to be heated. 

(2) The part should be centered in the coil if possible. 

(3) Sharp corners will tend to heat first, because usually 
these corners are nearest the coil and, in addition, they have 
a minimum of mass. Therefore, the shape of the coil should 
be adjusted to clear the corners as far as possible. 

(4) Where dissimilar metals are to be brazed together, 
the current must be concentrated on the one with the lower 
resistance and permeability. Thus, copper and silver heat 
most slowly, while brass heats more rapidly and steel heats 
most rapidly. Therefore, the coil should be kept close to the 
silver, copper, and brass, and away from the steel. 

(5) The material to be brazed should come to temperature 
first and draw the brazing alloy into the joint. Therefore, the 
brazing alloy should be kept as far away from the coil as possible. 

(6) To obtain uniform heating around the circumference of a 
part, it may be necessary to rotate it while being heated. 

The majority of induction heating is done at frequencies 
of about 1000, 3000, or 10,000 cycles. The power for these 
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frequencies is supplied by motor-generator sets. Where it is 
desired to limit the heating to a very thin surface layer for 
case hardening, or to heat a joint for soldering or brazing, it is 





(D 



® 

Fig. 16-8. Sketches Showing Direction of Current Flow in Electronic-Heater Coils 
and in Parts Being Heated. 

often necessary to use large inputs with frequencies in the range 
of 200,000 to 500,000 cycles. In this case, the high-frequency 
power is supplied by vacuum-tube oscillators. Fig. 16-9 shows 
both the exterior and interior views of such a power oscillator. 
The rectifier tubes are shown in the upper right portion of the 
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interior view, and the high-frequency oscillator tubes are in the 
central left portion of the, interior. ' 

A diagram of the oscillator circuit is shown in Fig. 16-10. 
This includes the rectifier to supply unidirectional plate voltage 
to the oscillator tube, the oscillator tube and its circuit, and the 
tank circuit, which is the oscillatory circuit stimulated by pulses 
every cycle from the oscillator tube. In this circuit the capaci- 
tive portion of the tank circuit is split so that a portion of the 
voltage may be fed back to the grid to maintain the oscillations. 
A variation of the grid-leak resistance is used to vary the self- 
biasing effect of the oscillator tube and thus to control the 



(a) 

Fig. 16-9. A 15-kw. Electronic Heater, (a) Exterior View with Work Table 
and Quenching Fixture Adapted to Surface-Hardening a Wide Variety of Small 
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output. This variation is indicated as the fine adjustment of 
the oscillator output. The wave diagram at the top of the 
figure indicates the type of current flow in the various por- 
tions of equipment. 

The same or similar equipment is used to preheat plastic 
blanks before molding. In this case the load is not placed in 



(b) 


Paj:^. (b) Interior View Showing Transformer, Rectifier Tubes, Oscillator 
Tubes, and Wiring. 


HEATING 


331 


Chap. 16] 

the inductance portion of the circuit but is placed betwcjen 
plates of the tank-circuit condenser. The losses due to the 
rapid variation of dielectric stress heat the material rapidly, 
and since the losses are distributed evenly through the material, 



— RECTIFIER -* — OSCILLATOR ► -a-TANK CIRCUIT — ^ 



Fig. 16-10. Elementary Diagram of an Electronic Heater. 


the plastic blanks are heated uniformly throughout. The 
frequency used varies from one to one hundred megacycles. 

The cost of high-frequency equipment is high, and the power 
efficiency is, in general, low. However, it often provides 
heating results which cannot be otherwise obtained, and the 
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ability to concentrate the heat in a localized area may affect 
production economies which will pay big dividends on the 
money invested in this equipment. 

Exercise 16-4. Make an analysis of the circuit diagram of Fig. 
16-10 to determine the function of each circuit element. 

Weldins 

Arc welding. In electric-arc welding an electric arc is used 
to produce a concentrated high temperature, which supplies local 
heat to the material to be welded and at the same time melts 
the electrode material so that it will flow into the weld. For 
successful welding, the current should remain reasonably 
constant in spite of the rather wide variations in voltages across 
the arc as the electrode is passed back and forth across the 
weld. 

Both direct and alternating current are used for arc welding. 
Where direct current is used, the power is usually supplied by an 
individual generator for each welder. This generator is designed 
to produce an almost constant current over a wide range of volt- 
age. The arc voltage usually is on the order of 20 to 40 v. 
When alternating current is used for welding, it is supplied 
through a transformer having a high reactance. Since the arc is 
resistive in nature, a rather wide variation in voltage across the 
arc will produce only a small resultant change in impedance and 
current flow. Secondary or arc current is.adjusted by changing 
the turns ratio of the transformer, as was explained in the dis- 
cussion of the induction furnace. 

Although most arc welding is done manually, the develop- 
ment and application of automatic arc-welding equipment is 
progressing rapidly in industrial production. 

Spot welding. Spot welding is the most common and 
one of the most simple of many different types of resistance 
welding. In spot welding a high localized temperature is 
obtained at the surface between two plates due to the resistance 
of surface contact. At the same time that the fusion tempera- 
ture is reached, a high pressure is applied and a weld is obtained. 
The greatest use of spot welding is in the fabrication of sheet- 
metal parts. 

A low voltage (2 to 12 v) is obtained from the secondary 
of a transformer, and the current (5000 to 75,000 amp) is con- 
ducted by flexible leads to heavy electrodes which are sometimes 




Fig. 16-11. (a) Elementary Diagram for Resistance Welding, (b) Water-Cooled 
Electrodes and Location of Weld, (c) Projection Welding. 
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water cooled. This is shown diagrammatically in Fig. 16-1 1(a) 
An enlarged cross section of the weld is shown in Fig. 16-1 Kb) 

orevenf temperature of the electrodes 

prevent the outer surfaces from becoming excessively hot 
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The relatively high resistance of the contact between the m^tal 
sheets causes a hot spot which fuses the metal, and the pressure 
on the electrodes produced by the welding equipment completes 
the weld. The timing of the welding current must be controlled 
quite accurately for best results. The electronic timer is very 
useful for this purpose. With such a control, enough energy 
can be supplied to produce effective fusion but not sufficient 
to burn or melt the metal beyond the proper thickness. 



Fig. 16-13. Two .037-in. Stainless-Steel Sheets, Gas-Tight Seam Welded, at 72 in. 

per Minute. 

Fig. 16-1 1(c) shows a variation of spot-welding procedure 
in which a small projection is placed on one of the sheets. 
This procedure assures better concentration of current and 
more accurate welds. When fusion is reached, the pressure 
of the electrodes forces the plates together so that the final 
result is essentially the same as in b of the figure. Commercial 
spot welders are usually designed with automatic timing control 
for the current, and pressure is supplied by a hydraulic piston. 
A photograph of a large welder with automatic controls is 
shown in Fig. 16-12. 

Seam welding. Seam welding is a variation of spot welding. 
The electrodes are rolls and the material is fed through the 
rolls as in a sewing machine. Pressure is maintained con- 
tinuously on the rolls, and periodic surges of current produce 
overlapping spot welds to form a continuous seam weld. A 
cross section of a weld between two sheets with the associated 
pulses of current is shown in Fig. 16-13. The current is con- 
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trolled by thyratron circuits to produce the on-and-off periods 
necessary to meet the needs of the particular materials being 
welded. Fig. 16-14 shows equipment for seam welding the two 


Fig. 16-14. Synchronous-Spot-Welcling Control and Curront-Hogulating Com- 
pensator Used in Resistance Welding of Aircraft Propeller. 

halves of a hollow steel airplane propeller. The electronic con- 
trol equipment is shown in the case to the right of the welder. 

Electrochemical processes 

From 15 to 20 per cent of all the electrical power produced 
in the United States is consumed in electrochemical processes. 
Most of it is used in the production of aluminum, magnesium, 
copper, zinc, sodium, and chlorine. Other chemical products 
using electrochemical methods include fused sodium chloride, 
hydrogen, manganese, potassium perchlorate, and sodium 
chlorate. There are many minor variations in the processes 
used in manufacturing these different materials, but they all 
employ direct current flowing through a series of electrochemical 
cells, and so, from the point of view of the electrical supply, 
they are all similar. 
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Mercury-arc rectifiers operate most satisfactorily at about 
600 V, so it is usual to use enough cells in series to operate at 
this voltage. Currents range from one thousand to sixty 
thousand amperes. Most of the installations since 1937 have 
been rectifiers, and, as most of the growth in the field of electro- 
chemical production has been since that time, rectifiers supply 
nearly all of the power for these processes. The present dis- 
cussion will, therefore, be limited to the basic theory and some 
of the more important operating problems of rectifiers. 



Fig. 16-15. Twelve- Unit Ignitron Mercury-Arc Rectifier Installation. Recti- 
fier units are rated type RSW, 12-anode, 5000 amp, 645 v (3225 kw). In reduction 
plant (electrometallurgical) of Aluminum Company of America, Vancouver, Wash. 

Polyphase rectifier theory. A very brief discussion of 
polyphase mercury-arc rectifiers is included in Chapter 14. 
The mercury pool located in the bottom of the rectifier 
supplies a continuous source of electrons, and the arc follows 
around the tank as first one and then another of the anodes 
becomes most positive. The voltage of these anodes is deter- 
mined by the polyphase transformers supplying power to the 
rectifier. There are many variations of these transformer 
connections, but in all of them the anodes reach a maximum 
positive value in time sequence. In a three-phase 60-cycle 
rectifier the sequence is 120° or every of a second. In the 
six-phase rectifier, the sequence is at a 60° interval, or every 
of a second, while in the twelve-phase rectifier the sequence 
is 30°, or of a second. 
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Since the twelve-phase rectifier can usually be considered 
as two six-phase rectifiers in parallel on the d-c side, but with 
a 30-degree phase shift on the a-c side, this study will be made 
on the basis of a six-phase rectifier. Furthermore, since most 
of the recent installations have used the more efficient single- 


Supply Supply 



(a) (b) 

Fio. 16-16. (a) Six-Anode Mercury-Arc Rectifier, (b) Six Single-Anode Igni- 

trons Connected to Perform the Same Function. 


anode ignitron tube, it will be assumed that this type of recti- 
fier is under discussion— although most of the theory will 
apply equally well to the multianode type of mercury-arc 
rectifier. The equivalence of the two types can be seen from 
the diagrams of Fig. 16-16, where part (a) shows the six-anode 
mercury-arc rectifier and part (b) shows six single-anode units 
connected to perform the same function. 

Since the arc drop in the mercury-arc rectifier is only 20 
to 30 V, the mercury pool will remain within 20 to 30 v of the 
potential of the most positive anode, as indicated in Fig. 16-17. 




ELEQROCHEMICAL PRCXESSES 


339 


Chap. 16 ] 


Since the mercury pools of the single anode tubes are all at the 
same potential, and since the arc drop is usually limited to 



age in a Six-Phase Rectifier — 
Assuming Constant Current and an 
Instantaneous Shift of Current 
Between Anodes. 


about 20 V, the voltage relations 
are similar for the ignitron type of 
rectifier. In the mercury-arc rec- 
tifier there is a continuous source 
of electrons, and the arc passes 
from one electrode to the next as 
the electrodes become succes- 
sively most positive. In the igni- 
tron type, however, an arc must 
be ignited at the proper time in 
each cycle by an auxiliary circuit. 

The voltage condition shown 
in Fig. 16-17 assumes that the arc 
suddenly shifts completely from 
one anode to the next, as shown 
in the lower portion of the dia- 
gram. This is not possible. 


because the inductance of the anode circuit tends to continue 
the current in the anode 
that has been carrying 
current and to oppose the 
increase of the current in 
the anode that is picking 
up the current. 

This effect results in 
a set of current and volt- 
age curves similar to that 
shown in Fig. 16-18, in 
which each anode carries 
current for approxi- 
mately one sixth of the 
cycle. The short period 
during which the d-c cur- 
rent is divided between 
the two anodes is called 
the angle of overlap or 
the time of commutation. 

The cathode voltage dur- 
ing this time is the aver- 
age of the voltages of the two anodes carrying current. 



Fio. 16-18. 


Current 

Current and Voltage in a Six- 
Phase Rectifier. 
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If the time of ignition is delayed in the ignitron tubes, or 
if a high negative potential is placed on the grids of the 
mercury-arc rectifiers, the time at which the anode will pick 
up the current can be delayed, and thus the average d-c voltage 
will be reduced, as shown in Fig. 16-19. Since the arc drop is 
such a small percentage of the total voltage, it is common practice 
to neglect it in diagrams, and this practice will be followed here- 
after. 

The nonsinusoidal character of the current in the anodes 
sets up harmonic currents in the power supply which interfere 
with telephone communication. In the smaller rectifiers, such 
as those supplying 5000 
to 10,000 amp d-c cur- 
rent, this interference 
has not proved too ob- 
jectionable. In the 
larger sizes, such as 
those supplying 50,000 
to 80,000 amp, it is nec- 
essary to place a number 
of rectifier units in par- 
allel, as the current per 
tube is usually limited 
to about 5000 amp. 

Where there are several 
units operating in par- 
allel, it is possible to 
shift the phase of the 
various units so that they will be evenly spaced in time. Thus, 
if five units are used in parallel, they are spaced 12° apart; and 
if six units are used in parallel, they are spaced 10° apart. 

This need for even spacing necessitates the use of phase- 
shifting transformers of a type indicated diagranunatically 
in Fig. 16-20. In this case, the primaries of three transformers 
are connected in A, and the secondary of transformer (1) is 
connected in series with lead A' going to the primary of 
the rectifier transformer. Similarly, the secondary of trans- 
former (2) is connected in series with lead B', and the secondary 
of transformer (3) is in series with lead C'. A voltage of 
about 10 per cent of the line voltage in these secondaries will 
be sufficient to rotate the phase angle by 10°. By reversing 
the connections of the secondary, this angle may be made to 



Fig. 16-19. Current .and Voltage in a Six-Phase 
Rectifier- Delayed Ignition. 
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lead or lag the original voltage supplyi Thus, if six units are 
operating in parallel, a A-connected primary can be used with 
three of them. One would be carried straight through, and 
phase-shifting transformers would supply one unit on either 
side by 10°. A 7-connected primary would be used on the 
other three, which would give an inherent shift of 30°. One of 
these primaries would be carried straight through, and phase- 
shifting transformers would be used to shift the other two to 
either side by 10°. This would then provide six units separated 

by 10° in time phase 
and would thus neu- 
tralize most of the cur- 
rent harmonics. 

The above method 
of phase shifting is il- 
lustrative of many pos- 
sible arrangements of 
transformer connec- 
tions to obtain shifts in 
phase and magnitude of 
voltages. The trans- 
former connections here 
shown are the most sim- 
ple of the rectifier trans- 
former connections. 
Other arrangements 
will undoubtedly be met 
in many commercial 
installations. 

A single-line circuit 
diagram of the instal- 
lation shown in Fig. 16-15 is given in Fig. 16-21. This shows the 
sequence of transformers, the location of the phase-shifting trans- 
formers, and the protective circuit breakers on both the a-c and 
d-c sides of the equipment. 

Electrostatic precipitation equipment. Some chemical proc- 
esses require the precipitation of fine particles either in the 
chemical process or as an adjunct to the process. This is often 
done by blowing the material through an ionized zone in which 
the particles collect a positive charge. They then pass between 
plates which are charged, and the particles are drawn to the 
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negative plates as illustrated in Fig. 16 - 22 . The precipitated 
material is then collected from the plates. 



POT LINE *2 

Fig. 16-21. Diagram of Rectifier Installation to Supply 60,000 amp at 600 v. 

Ionization is produced by a high d-e voltage on a fine wire 
which is maintained at the ionizing potential by a high-voltage 
rectifier. Sometimes this rectifier is mechanical, but very often 
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it is a vacuum-tube rectifier which supplies 10,000 or iriore 
volts to produce ionization. 

Summary 

The illustrations of heating, welding, and electrochemical 
uses of electricity which have been covered in this chapter have 
been chosen both for their importance in industrial operations 
and because of the effectiveness of demonstrating the appUca- 
tion of fundamental theory to these problems. The chemical 



Fig. 16-22. Simplified Sketch Illustrating the Principle of the Precipitron. 


engineer will find many additional illustrations in the current 
literature of his field. Similarly, mechanical and metallurgical 
engineers will find a wealth of illustrative material in their 
current literature. 
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CHAPTER 17 

Electrical Illumination 

Character of light and illumination 

The science of physics defines light as a form of radiant 
energy. It is similar to the electromagnetic waves used for 
radio and radar except that the frequency is much higher. Light 
waves are propagated in straight lines in a homogeneous medium, 
and therefore the intensity of the light from a point source is 
inversely proportional to the square of the distance from the 
source unless altered by materials in its path. Light may be 
reflected by surfaces and refracted by lenses and prisms. A 
knowledge of these and many other properties of light is impor- 
tant in planning the illumination of any area. 

It is not enough, however, to consider only the magnitude 
of light intensity. This light is to be used for seeing, and the 
seeing mechanism of the body has characteristics which also 
must be considered. The fundamentals of efficient and com- 
fortable seeing, as determined by the eyes and the whole 
human seeing process, must enter into a successful fighting 
design. The four main factors of seeing are (1) the size of the 
object, (2) its brightness, (3) its brightness contrast with sur- 
roundings, and (4) the time that is available for seeing. The 
fight must be so arranged that it will accentuate the differences 
in brightness and will not cause fatigue to the eye. The 
intensity of illumination must therefore be such that sufficient 
brightness is obtained to register on the eye without effort. 

A single spot of unusual brightness caused by a direct 
reflection of a high-intensity fight source will cause severe eye 
fatigue. Thus, undue contrasts are known as glare and must 
be prevented if the illumination is to be satisfactory. The 
science of physics, as it applies to fight, and the physiological 
and psychological reactions of the individual to fight, provide 
the foundations of illumination design. 

DeFinitions of light units 

The basis of all the quantitative fight measurements is a 
candle, the specifications for which were agreed upon by the 



346 ELEQRICAL ILLUMINATION [Chap. 17 

standardizing laboratories of several of the leading countries.* 
The candle represents an amount of light that is given by this 
standard candle. The intensity of illumination of an object 
is measured in foot-candles. This unit is defined as the illumina- 
tion received by an object which is at a distance of one foot from 
a standard candle. If the candle were located at a distance of 
two feet, the intensity of illumination would be but one quarter 
of a foot-candle, since, without reflectors, the intensity of 



Fig. 17-1. The Illuminatio:i on a Surface Varies Inversely as the Square of the 
Distance from the Source to the Surface. 

illumination varies inversely as the square cf the distance from 
such a point source. 

The amount of light required to illuminate an object will 
depend upon its size. The unit of light most commonly u.sed 
is the lumen, which is defined as the light required to supply an 
illumination of one foot-candle to one square foot of area. 
If the candle were a source of light that was equally bright 
in all directions, and if it were located in tlie center of a sphere 
of one foot radius, then each point on the interior of the sphere 
would have an illumination of one foot-candle. Since each 
square foot of the surface would receive one lumen of light, 
then the whole surface would receive 47r lumens. The total 
light output of a standard candle can therefore be said to equal 
47 r lumens. 

The number of lumens required to illuminate an area is equal 
to the product of the brightness in foot-candles and the area 
in square feet. Thus, if an area of 200 sq ft were to be illumi- 
nated to an intensity of 10 foot-candles, it would require 2000 
lumens evenly distributed over the area. 

* This unit is now standardized and maintained by the much more constant 
incandescent lamp. 
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Control of lisht t 

The control of light is necessary to increase efficiency and 
furnish comfortable seeing conditions. In some factories, for 
instance, it would be undesirable to use a large portion of 
the light to illuminate the dirty and unsightly rafters of the 
building. It is common practice, therefore, to provide reflectors 
which redirect the light downward, where it can be used in 
illuminating the surface of the work. Reflection is therefore 
one of the very important methods of controlling light. 

Where possible, it is desirable to clean the roof structure and 
paint it white. In this case a much more pleasing, comfortable, 
and effective lighting situation is obtained. The light that 
falls on the ceiling structure reduces the brightness ratio between 
the lighting units and the ceiling, which forms the background. 

It is also necessary to reduce the brilliance of the light 
source in order to reduce glare. This is done by placing the 
light in a unit designed to keep the brightness within the 
comfort range, or by reflecting the light to a ceiling painted a 
light color, where it is again reflected to the working surface. 

Where the direct rays of the light plus such light as is 
redirected by the lighting fixture are used to illuminate the 
working surface, the illumination is said to be direct. Where 
all of the light is first reflected to the ceiling, the illumination 
is said to be indirect. Between these two extremes is a wide 
variety of units ranging from the semidirect, where most of the 
light is directed downward but a little goes to the ceiling, through 
the general diffuse, where enclosing globes are commonly 
used, to the semi-indirect, where most of the light is directed 
to the ceiling and only a small portion comes through the 
translucent bowl of the unit. 

Characteristics oi reflecting surfaces 

When a beam of light strikes a polished metal surface, it is 
reflected as shown in Fig. 17-2. The reflected beam remains 
concentrated, and the angle of incidence X is equal to the angle 
of reflection Y, Very little light is reflected in directions other 
than that of the main reflected beam. Reflectors made of 
polished metal or mirrored glass are, therefore, desirable for 
accurate focusing of light as in automobile headlights and in 
floodlights. These reflectors are sometimes enclosed and 
protected from dirt and dust, especially in headlights and 
floodlights. 
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When a beam of light strikes a rough-mat surface such as 
white blotting paper, the reflected light (as shown in Fig. 17-3) 
is reflected uniformly in all directions. This is said to be a 
diffused reflection. Enameled reflectors and the paint of walls 
and ceilings should provide this type of reflection. Ceilings 



Fig. 17-3. Diffused Reflection of Light. 


should be of a flat white or off-white color having a reflection 
factor of 80 per cent or more. Walls may have a reflection 
factor as low as 50 or 60 per cent. The colors most used for 
walls are green, blue, tan, coral, or gray — the first two being 
psychologically cool, the second two warm, and the last a neutral 
color. 
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Etched aluminum is used extensively as a reflector because 
of its continued high efficiency. It produces a semispeculsir 
reflection known as spread reflection, which is intermediate 
between the specular and diffused reflection. 

Translucent materials 

If a beam of light strikes a sheet of white or milk glass, a 
small part of it will be reflected as a beam from the surface. 
Most of it, however, will enter the glass; and when it strikes 
the white particles of the glass, it will be reflected in all directions 



Fig. 17-4. Combined Reflection and Diffused Transmission of light by a Trans- 
lucent Material. 


as shown in Fig. 17-4. About half of the light will get through 
the glass, and the remainder will be absorbed or reflected. A 
material that has light transmission similar to white glass is 
said to be translucent. Many plastics have this characteristic 
and so have come to be used in controlling light. 

Brishtness and glare 

The eye responds logarithmically to variations in intensity 
of illumination. This response covers a wide range of intensity 
variation. If the general level of illumination is high, as it is 
on a bright sunny day, then the pupil of the eye contracts so 
that only a small amount of the light is permitted to enter 
the sensitive portions of the eye; and if the general level of 
illumination is low, the pupil enlarges to allow a greater portion 
erf the light to enter. The pupil responds to average illumina- 
tion, and, if a restricted area has a high intensity of illumination, 
it will overstimulate the sensitive parts of the eye and dis- 
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comfort will result. Such discomfort is referred to in illumina- 
tion terminology as glare. Glare may be considered as any 
brightness in the visual field of such a character as to cause 
discomfort, annoyance, interference with vision, or eye fatigue. 
Experiments have determined that light intensities or brightness 
of greater than two or three candles per square inch produce 
immediate discomfort when in the central portion of the vision, 
while a brightness of more than 0.5 candle per square inch may 
produce discomfort under repeated exposure, especially if the 
luminous source is large. 

Since all present sources of electric light, including the 
fluorescent lights, are above this lower level, it is necessary to 
(a) raise the lights above the ordinary range of vision, (b) 
reduce the unit brightness by enclosing the light in a translucent 
fixture, or by shielding with louvers or baffles, or (c) reduce the 
unit brightness by reflecting a large part or all of the light to the 
ceiling, where it is reflected at a low surface brightness. 

A type of glare that is particularly annoying and difficult 
to eliminate is that which is reflected from the working surface. 
This is known as reflected glare. It may be caused by the 
reflection of the light source in the glossiness of white paper or 
other highly reflecting surface on a desk or workbench. For 
this reason it is never desirable to have a light in such a position 
that it reflects directly into the eyes. Desk or bench lamps 
for local illumination are likely to be particularly objectionable 
in this regard. 

Light sources 

Three types of light sources are available for industrial 
and office illumination. The oldest is the incandescent lamp, 
and it is still the correct solution in many instances. The 
mercury-vapor lamps are very efficient, but the color of their 
light is not pleasing. Just as efficient, and with much more 
pleasing color characteristics, are the popular fluorescent lamps. 
The important characteristics of each type are reviewed below. 

Incandescent lamps. Incandescent lamps may usually be 
considered as a point source. They are available in a wide 
range of sizes varying from 10 w to 1500 w. The efficiency 
ranges from ten to twenty-two lumens per watt of electric power. 
The color of incandescent lamps, although slightly yellow in the 
lower wattages, has one advantage over the mercury and fluores- 
cent lamps in that radiation from the incandescent lamps is 
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continuous throughout the visible spectrum rather than ccjn- 
centrated in certain lines as in the other two types of lamps. 
The life of incandescent lamps used for general service ranges 
from 750 to 1500 hr, according to lamp design. 

Mercury-vapor lamps. The medium- and high-pressure 
mercury-vapor lamps (with the exception of the 3-kw lamp) 
are essentially point sources of light. The commercial sizes 
range from 100 w to 3000 w. Most of these lamps, however. 



Fig. 17-6. General Lighting (Direct). Alternate staggering mercury and 
filament system. Concentrated high-bay Alzac reflectors with 1000-w bi-post 
lamps, and two-lamp high-bay Alzac mercury reflectors with two 400-w mercury 
lamps. Mounting height, 44 ft;;spacing, 20 ft by 16 ft. Illumination, 42 foot- 
candles. • , < • 

are in the 400- and 1000-w sizes, in which the efficiency is about 
40 lumens per watt. The color is -a blue-green and should 
ordinarily be combined with incandescent lamps to equalize the 
color. The life of these lamps is usually over 2000 hr and may 
be as high as 3000 hr. The replacement cost is high per unit, 
but the cost per lumen-hour is about the same as for incandescent 
lamps. ' ' ‘ - ‘ 

Fluorescent lamps. Fluorescent lamps ^re normally diffuse 
line sources.- The color- depends upon the^fluorescent coating, 
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and so this tsrpe of lamp may be used in a variety of colors for 
decorative effects. The white and the daylight are the two 
most popular colors, the white being slightly more efficient 
than the daylight. The lamp life ranges from 2500 to 6000 hr, 
and so, although the cost of the lamp is considerably greater 
than the cost of an equal output incandescent lamp, the replace- 



Fig. 17-6. Good Seeing Conditions in This Machine-Tool Plant. 750-w 
incandescent lamps in prismatic reflectors give uniform illumination of 30 foot- 
candles at bench height. 

ment cost per lumen-hour is about the same as incandescent 
and mercury-vapor lamps. The efficiency ranges from 30 to 
60 lumens per watt, which is about twice the efficiency of the 
incandescent lamps. Where illumination is used many hours 
per year, or where the energy rate is high, the fluorescent installa- 
tion will usually prove most economical. 

The lightins plan 

In setting up the lighting plan one should first determine 
the seeing problem. That is, find out what must be seen and 
whether it is seen by brightness or by color contrast. It may 
also be seen by a contrast of detail against some background 
or by silhouette or even by a reflected image. After the seeing 
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problem has been carefully analyzed and its many ramifications 
studied, then the lighting results required to meet this seeing 
need are determined. The lighting levels required for the more 
usual factory and office tasks have been determined by joint 
committees of the Illuminating Engineering Society and the 
American Standards Association. These recommendations have 



Fia. 17-7. Precision Tool Room. Industrial luminaires installed in continu- 
ous rows spaced 10 ft apart. Two 49-in. fluorescent lamps per luminaire. Mount- 
ing height, 10 ft. Illumination, 40 foot-candles. 


been published and are available through these societies. The 
titles are given in the bibliography at the end of the chapter. 

When the desirable type and level of illumination has been 
determined, several arrangements of the lighting installation 
should be planned. These should be so designed as to give 
as nearly similar illumination results as possible. 

When the alternate designs are satisfactory from the point 
of view of illumination, they can be compared on a cost basis. 
This should include the first cost, power cost, and maintenance 
cost and may be calculated on an annual or capitalized cost 
basis as desired. 

The details of illumination design, which include the knowl- 
edge of American Recommended Practice of Industrial Lighling, 
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the method of determining the room index, and utilization 
factors of various types of luminaires is beyond the scope of 
this text. Those who are faced with illumination design prob- 
lems should make an extensive study of the bibliography at 
the end of the chapter or retain a competent illumination 
engineer to complete the design. 

Typical illumination designs 

It is dangerous to generalize regarding illumination design 
procedures. However, two rather typical illumination designs 



Fig. 17-8. Good Office Illumination. Single-lamp 40-w aluminum troffers on 

4-ft centers. 


have been developed to meet different types of industrial 
situations. 

The first is the large industrial building with ceiling height 
of twenty to fifty feet where cranes require that the lights be 
mounted twenty feet or more above the floor. Here it is com- 
mon to use incandescent lamps alone or high-intensity mercury- 
vapor lamps, alternating with large incandescent lamps. These 
lamps are mounted in open or enclosed luminaires, which 
direct the light to the work below. The maintenance is low, 
the color is satisfactory, and the over-all efl&ciency is good. 
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Two examples of such installations are shown in Figs. 17-5 and 
17-6. 

Where the ceilings are lower, it is more common to use 
incandescent or fluorescent lamps in suitably shielded luminaires, 
as shown in Figs. 17-7 and 17-8. Here with the proper shielding 
the low surface brightness of the light source permits high levels 
of illumination without glare. Efficiency is high, and with 
adequate maintenance the benefits of good illumination are 
sustained. 

There is often a temptation to cut the cost by lowering 
the quality of illumination. Usually the illumination cost in 
an industrial enterprise is such a small part of the over-all pro- 
duction cost that lowering the quality of illumination is false 
economy. 
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CHAPTER 18 

Electrical Methods of Industrial Measurement 

Instrumentation in industry 

An important application of electricity is its use in measuring 
and controlling industrial quantities and processes. Many large 
manufacturing companies train recent engineering graduates 
by placing them in charge of the operation and maintenance 
of the instruments in the plant. The intimate contact with 
processing problems, gained in maintaining the instruments 
and control, soon permits them to assume responsibilities for 
process control. That responsibility is usually the first step in 
the chmb to positions as plant superintendents. 

Many of these instruments are not electrical instruments. 
However, it has been found that electrical methods of measure- 
ment are so versatile and so reliable that instrument com- 
panies that restricted themselves entirely to mechanical types 
only a few years ago are now selling a high proportion of elec- 
trical instruments. The electrical method seems to be most 
advantageous where the problems of measurement are difficult 
and complex or where measurement and control are associated 
in the same instrument. It is often comparatively easy and 
inexpensive to arrange a complex electrical circuit to accomplish 
results which could not otherwise be obtained or which could 
be achieved only with considerable difficulty and expense by 
mechanical and hydraulic methods. 

Conversion from industrial to electrical quantity 

The first problem in industrial instrumentation is to convert 
the variation of the industrial quantity into a variation of some 
electrical quantity. Temperature is one of the most important 
of the quantities in industrial production, and there are several 
ways in which a temperature variation is converted into a 
variation which can be measured electrically. For compara- 
tively low temperatures, the variation of resistance is usually 
most convenient. For intermediate temperatures the thermo- 
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couple is most often used, while for vety high temperatures the 
preference goes to one of several methods of converting radia- 
tion into a variation of voltage or current. 

In the measurement of speed of rotation it is usual to use a 
small d-c or a-c generator with a permanent magnet so that the 
flux is constant. The voltage generated is then proportional 
to speed. 

Strains and the corresponding stresses can be measured by 
converting the small change of length into a variation of resist- 
ance, inductance, or capacitance. These variations of circuit 
parameters can then be measured and the results converted 
back into the original stresses and strains. Pressure can 
usually be measured in terms of a strain, and so deflections 
of a diaphragm are sometimes converted by means of carbon 
buttons or piezoelectric crystals to voltage variations. 

These are only a few of the many types of conversion to 
electrical quantities, but they serve to illustrate the process. 
This summary also emphasizes that the specific illustrations 
given later in the chapter are only a restricted sampling of the 
very broad field of industrial instrumentation using electrical 
methods. 

Measurement oF the electrical quantity 

After the industrial quantity has been converted to an 
electrical variation, it is necessary to measure the electrical 
quantity. Two general types of measurement are available. 
One provides an indication of the magnitude and is called an 
indicating meter; the other not only indicates but makes a record 
of the variation of magnitude and is called a recording meter. 
Except in aircraft operation, where it is necessary to concentrate 
all measurable quantities on one instrument panel, it may be 
expected that, when it is worth while to convert to electrical 
methods of measuring, it is probably worth while to make a 
permanent record of the measurement. Subsequent illustra- 
tions, however, will include both indicating and recording t 3 q)es 
of electrical measuring instruments. 

Electrical measuring instruments may also be classified 
under the electrical principle used in the measurement procedure. 
The Wheatstone bridge, which was briefly described in Chapter 
3, is one of the most generally used methods of measurement. 
The potentiometer, the principles of which are explained in 
connection with an illustrative application in a later paragraph. 
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is so similar in the measurement procedure that the same equip- 
ment may be used equally well with the Wheatstone bridge and 
the potentiometer. The bridge circuit is ordinarily used to 

measure a variation in a circuit element such as resistance, 
inductance, or capacitance, while the potentiometer measures 
small changes in voltage with great accuracy. 

Both the bridge and potentiometer involve making changes 
in a cahbrated variable circuit element until it has compensated 
for a change in voltage pro- 
duced by the industrially 
activated circuit element. 

When this compensation 
has been made, there is no 
voltage difference, and the 
measurement is said to be 
a null measurement because 
the final reading is the read- 
ing of the calibrated circuit 
element when the voltage 
difference is zero. 

Permanent-magnet 
moving-coil types of meters 
are used most extensively 
for indicating meters fcr 
measuring the current or 
voltage variation. They 
also used to measure 



are 


Fig. 18 - 1 . Simple Wheatstone Bridge 
for Measuring Temperature with Resistance 
Coil. 


the magnitude of the un- 
balance in the Wheatstone 
bridge and potentiometer circuits. Occasionally these meters 
have recording pens to make a permanent record. 

Where the quantity to be measured varies rapidly, as in 
the case of vibrations in machinery, it is often necessary to 
detect the variations, amplify them by means of a vacuum- 
tube amplifier, and then observe or record them by means of 
an oscillograph. This instrument is one in which the current- 
and voltage-measuring elements have very low inertia so that 
they can respond to rapid variations. 


Temperature measurement usins resistance coils 

As mentioned above, the variation of the resistance of a 
coil with temperature is often used as the basis of temperature 
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measurement. In this method the resistance coil is placed in a 
thermometer well or other location whose temperature is to be 
determined. Usually the coil is used as one element of a 
Wheatstone bridge, as indicated in Fig. 18-1. When the resist- 
ance of the coil has been measured, the temperatures may be 
obtained from a calibration chart, or the variable resistance 

used to balance the bridge may 
be calibrated directly in tem- 
perature. 

A record may be obtained 
by any of a large number of re- 
cording meters available. Most 
of them are similar, in that they 
have a sensitive galvanometer 
to indicate the unbalance. 
They likewise have a motor 
mechanism (actuated by this 
galvanometer) which varies R, 
in order to maintain the bridge 
in balance. A recording pen is 
geared to the slide wire adjust- 
ment of Rs, and this recording 
pen both indicates and records 
the variation in R^ directly in 
terms of temperature variation. 
Refinements to obtain greater 
accuracy are often introduced 
into the circuit. One manufac- 
turer uses the circuit indicated in 
Fig. 18-2. In order to obtain a 
high degree of accuracy, several precautions have been taken which 
are t3Tjical of the methods used in accurate recording meters. 

In the first place, a three-conductor cable with all conduc- 
tors the same size is used to connect the temperature-sensitive 
coil to the bridge. Since the cable introduces the same amount 
of resistance in the R, circuit as in the Rt circuit, no correction is 
necessary for the distance between the recorder and the ther- 
mometer well. 

Second, the recorder uses a double slide wire, one wire 
located at A and the other at N, in order to eliminate errors 
due to contact resistance. The contact at A is in the gal- 
vanometer circuit, and, since it is a null detector, a slight 


N 



Fig. 18-2 Circuit Used to Elim- 
inate Contact Errors in the Wheat- 
stone Bridge. 
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additional resistance has no effect on the measurement. Simi- 
larly, the contact at N is in series with the battery, and so does 
not enter into the accuracy of the measurement. When the 
slide contact at A increases the resistance of R„ it simultaneously 
decreases the resistance of Rs. Since it is desirable that Ri be 
equal to Ri at all times, the shde contact at IV is so arranged 
that the decrease will be divided equally between the two 



Courtesy of Leeds and Northrup Company 

Fig, 18-3. Temperature Indicator and Recorder with Circular Chart. 

resistances Ri and R^. In order to accomplish this, the slide 
wire at N must have one half the resistance of the one at A. 
The meter using this circuit and a section of the chart drawn 
by it is shown in Fig. 1 8-3. 

Switching arrangements may be made so that a recorder 
of this type can be used to measure successively the temperature 
of eight or ten of these resistance coils and make a continuous 
record of them on one chart. Since a recording instrument of 
this type is quite expensive, this is an important feature in 




Fig. 18-4. (a) Wheatstone-Bridge- 

Type Aircraft Resistance Thermometer. 
The circuit is not easy to trace, because 
three arms of the bridge are wound on 
a single spool to save space. The second 
spool shown adjusts the instrument for 
a certain supply voltage, (b) A Wheat- 
stone-Bridge-Type Oil Temperature 
Indicator. 


(b) 
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preventing excessive instnmentation costs. It is possible to 
place control contacts on such a meter in order to maintain 
constant temperature automatically. 

When an indication of the temperature is adequate, and 
when a high degree of accuracy over the entire dial range is not 
required, the deflection of the galvanometer may be used as a 
measure of the variation of resistance. Instruments of this 
type are particularly useful on airplane instrument panels. In 
this application, the resistances Ri, R 2 , and Rs are all fixed in 
magnitude (usually being wound on a single spool and mounted 
inside the galvanometer or milli voltmeter case) and are adjusted 
so that the bridge is balanced at or near a temperature where 
maximum accuracy is desired. The millivoltmeter is set to 
indicate this temperature on the scale when no current flows, 
or when the bridge is balanced. If the resistance coil in the 
temperature well is of a lower temperature, then the voltage 
(as indicated in Fig. 18-1) across MB will be reduced and a 
current will flow from A to B. Since the voltage variation and 
therefore the meter deflection will be essentially proportional 
to the deviation from balance, the meter scale may be made to 
read temperature rather than voltage difference. 

Fig. 18-4 (a) shows an enlarged phantom view of an instrument 
with the bridge resistances wound on a spool and located within 
the meter case. Fig. 18-4 (b) shows an assembled instrument 
designed for aircraft service. 

Temperature measurement using a thermocouple 

Another common method of measuring temperature is that 
which uses a thermocouple. A thermocouple is made by welding 
two different metals together. When this junction is heated, 
a small voltage is developed between the two metals. Since 
the magnitude of this voltage is approximately proportional 
to the temperature, it may be used to measure the temperature. 
Stated more exactly, the magnitude of the voltage is approxi- 
mately proportional to the difference in temperature between 
the “hot junction” and the “cold junction” of the thermocouple 
wires. The voltages generated by six commonly used thermo- 
couple materials are given in Table 18-1 for various tempera- 
tures of the hot junction when the cold junction is kept at the 
temperature of melting ice. 

When an indication of the temperature is all that is required, 
an indicating meter of the permanent-magnet moving-coil type 
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can be used with a circuit similar tathat of Fig. 18-5(a). In 
this circuit the cold ends of the leads are at the meter, and, 
since that temperature may vary considerably, some arrange- 
ment must be made to compensate for this variation in tem- 
perature. One manufacturer does this by inserting a bimetallic 
spring between the zero adjustment and the hairspring of the 
meter. The bimetallic spring, as shown in Fig. 18-5 (b), will 
rotate the zero setting of the instrument so that it will read the 
temperature of the meter. In this way the meter is made to 
read true temperature in spite of wide variations in the tempera- 
ture of the cold junction. It is necessary also to compensate 
for variation in the resistance of the leads with temperature, 
and this is done by inserting a resistance which has a negative 
temperature coefficient. 


Table 18-1 

VOLTAGES GENERATED BY COMMON THERMOCOUPLES 
(Temperature of Cold Junction — 0® C) 


EMF, 

mv 

Degrees C 

EMF, 

mv 

Degrees C 

Platinum 

to 

platinum- 

(10% 

rhodium) 

Platinum 

to 

platinum- 

(13% 

rhodium) 

Copper 
to con- 
stantan 

Chromel 

to 

alumel 

Iron 
to con- 
stantan 

Chromel 
to con- 
stantan 

0 

0 

0 

0 

0 

0 

0 

0 

2 

265 

259 

49 

5 

122 

93 

80 

4 

478 

457 

94 

10 

246 

182 

153 

6 

678 

638 

136 

15 

367 

272 

221 

8 

861 

806 

176 

20 

485 

362 

286 

10 

1037 

964 

213 

25 

602 

453 

350 

12 

1206 

1114 

250 

30 

720 

543 

413 

14 

1374 

1259 

285 

40 

1 966 

711 

537 

16 

1543 

1404 

319 

50 

1232 

865 

661 

18 


1550 

353 

60 



786 





70 



915 


Sometimes difficulty is experienced due to resistance develop- 
ing in the hot junction of the thermocouple. In order to over- 
come this resistance, to obtain greater accuracy, and to make 
possible a satisfactory recording meter, a potentiometer is 
often used to measure the thermocouple voltage. The basic 
principle of the potentiometer involves balancing the voltage 
to be measured against the potential drop in a standardized 
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resistance carrying a 
known and standard 
amount of current. 
When used as a measur- 
ing device, it is custom- 
ary for the current to be 
a decimal fraction of an 
ampere, as, for instance, 
1 ma. To standardize 
the current to this cor- 
rect amount, the variable 
contact C shown in Fig. 
18-6 is set so that the 
resistance between C and 
A is equal to 1018.3 
ohms. When 1 ma flows, 
the voltage drop will be 
1.0183 V, which is the 
voltage of the standard 
cell. The double-throw 
switch is thrown to the 
“up” position, and the 
resistance is adjusted 
until no deflection is ob- 
served in the galvanom- 
eter. The double-throw 
switch is then thrown 



COUPLE LEADS INSTRUMENT 

(a) 


SCREW SLOT FOR ZERO ZERO 



(b) 


Fig. 18-5 (a) Thermocouple Circuit for 

Measuring Temperature, (b) Temperature 
Compensator. Instrument (cold-end) compen- 
sation is accomplished by the bimetallic spring, 
which winds or unwinds with changes in tem- 
perature and acts like an automatic zero com- 


down, and the variable 
contact C is adjusted until 
the galvanometer does not 
deflect. The magnitude of 
the unknown voltage V is 
then equal to the resistance 
between C', the new posi- 
tion of the variable contact, 
and A multiplied by 0.001. 

Since the voltage of the 
standard cell is approxi- 
mately one volt and the 
voltage of the thermocouple 


pensator. 



2 


is only a few millivolts, this 
circuit is changed slightly 


Fig. 18-6. Elementary Potentiometer Cir- 
cuit. 
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in some instruments. Thus the circuit that is employed by* one 
manufacturer is illustrated in Fig. 18-7. Here two parallel cir- 
cuits are used, and the drop across these is standardized against 
the standard cell as explained previously. (The standardizing 
connections are omitted in order to simplify the diagram. ) Point 

6 of the circuit may be 
assumed to be of feed 
potential, and this po- 
tential corresponds to 
the potential of point 2 
on the parallel circuit. 
Between points 2 and 3 
there is a resistance wire 
along which the variable 
contact can slide. The 
thermocouple T is con- 
nected from point 6 to 
the variable contact 
through the galvanom- 
eter G. When the var- 
iable contact is adjusted 
so that the galvanom- 
eter deflection is zero, 
the voltage of the ther- 
mocouple is just equal 
to the voltage drop of 
the slide wire between 
points 2 and 4. The 
slide wire may be cali- 
brated in terms of thermocouple voltage or directly in terms of 
temperature. 

Cold-junction compensation is needed in the potentiometer 
method, just as it is in the indicating meter. This is usually 
accomplished by inserting a resistance with a temperature 
coefficient in one of the balancing circuits. For instance, the 
resistance between points 1 and 6 can be made so that the 
increase in voltage drop is just equal to the reduction in thermo- 
couple voltage when the temperature of the cold junction 
increases. This will then continue to give the correct reading 
on the slide wire at point 4. 

Fig. 18-8 shows a self-balancing and recording meter which 
uses this type of circuit. There is little if any difference in 



Fig. 18-7. Commercial Potentiometer Cir- 
cuit Used with Thermocouple to Measure 
Temperature. 
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the balancing operation of this type of instrument and of the 
Wheatstone bridge studied previously. 



Courtesy of the Foxboro Company. 


Fig. 18-8. Temperature Indicator and Recorder with Strip Chart. 

Electrical measurement of speed 

Speed measurements usually refer to measurements of 
rotational velocity. Where it is desired to measure a linear 
velocity, it is usually possible to convert this linear velocity 
to a rotational velocity by means of gears, belts, or other mechan- 
ical devices. Rotational velocity is usually measured by 
connecting the armature of a permanent-magnet generator, 
often called a magneto, to the rotating element. Since the field 
flux is constant, the voltage is directly proportional to the 
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speed. A voltmeter that has a scald calibrated in revolutions 
per minute is connected to the magneto and provides a satis- 
factory indicating meter. 

The construction of a magneto-generator for speed measure- 
ments is shown in Fig. 18-9. In part o of the figure, the d-c 




(b) 


Fig. 18-9. Internal View of a Tachometer Magneto Generator, (a) The Coils 
of the Armature Are Connected to the Commutator’s Segments, on Which the 
Brushes Rest to Pick Up a Direct Current, (b) The Circular Magnet Completely 
Surrounds the Armature. 
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armature, commutator, and the brushes are shown. Part b 
of the figure shows a cutaway view of the assembled magneto. 
The poles are on the opposite sides of the circular magnet, 
so that the machine is a two^pole generator. This construction 
is made possible because of the high retentivity of modern 
magnet steels. Since the only current delivered by the generator 
is that needed to operate the indicating voltmeter, commutation 
difficulties are minimized. 


One example of the use of such a tachometer indicator is 


in large bakeries where ovens 
with the pans of bread and cook- 
ies placed on a conveyor. The 
length of time tlie baked goods 
are in the oven depends upon 
the speed of the conveyor. The 
meter shown in Fig. 1 8-10 has a 
range in baking time of from 15 
to 60 min. It is noted that the 
maximum indication gives the 
minimum time. Thus, if the 
maximum motor speed is 1800 
rpm, and if this gives 15 min 
baking time, the maximum scale 
reading which corresponds to 


are in continuous operation. 



Fig. 18-10. Tachometer Indicator 
Used to Measure Baking Time. 


1800 rpm would be 15 min. Similarly, half speed, or 900 rpm, 
would give 30 min, and one-fourth speed, or 450 rpm, would 
give 60 min. 


Measurement of stress — strain sages 

The extensive use of strain gages in solving the problems 
of vibration in machines and determining stresses of structures in 
service, makes the understanding of their use an important 
item in the training of civil, mechanical, and chemical engineers. 
As mentioned in Chapter 15, fine wires may be cemented to the 
surface of machine or structural elements. These wires are 
elongated or compressed to the same degree that the surface 
of the machine element is elongated. If the variation of 
resistance with variation in length is known, this can be used 
to measure the surface deformation and thus the surface strain. 
Such strain gages, mounted on thin paper, ready to be cemented 
to the machine surface and already standardized and calibrated, 
are now commercially available. (See Fig. 18-11.) The wire 
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from which the gage is made is usually of a diameter of 0.001 in. 
and made of an alloy. The favorite material for static gages is 

a copper-nickel alloy, while that 
preferred for dynamic strain 
investigations is known as iso- 
elastic. The copper-nickel 
alloy has a negligible tempera- 
ture coefficient of resistance and 
has a 2 per cent variation in 
resistance for every 1 per cent 
variation in length. The iso- 
elastic alloy gives a 3.5 per cent 
variation in resistance for every 
1 per cent variation in length 
but has a high temperature co- 
efficient. 

When the strain gage is to 
be used for the study of vibra- 
tion or dynamic strain measure- 
ments, the circuit shown in Fig. 
18-12 may be used. The re- 
sistance R should be adjusted 
so that about 30 ma flow in the 
strain gage. This gives a volt- 
Fig. 18-11. Plan and Cross- age across the gage of 15 V for 
.Section Views Showing Construction q 500-ohm gage. If a 0.2 per 

Gage. variation in length of the 

machine part is to be measured, 
the voltage variation across the gage (when made of isoelastic 
alloy) will be 

0.002 X 3.5 X 15 = 0.105 v. 

This voltage is transmitted 
through the condenser C to the 
grid of the first tube in the am- 
phfier, as described in Chapter 8. 

In Fig. 18-13 the circuit of a IS- 12 . Voltage-Divider Circuit 
type of commercial instrument Dynamic Strain Measurement. 

for measuring static strains is shown. The Wheatstone bridge 
is shown at the left inclosed in the dotted lines marked A. 
The zero-set adjustment can be composed of two very high 
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resistances as shown to compensate for small variation in the 
resistance of the gages and give the correct zero setting on the 
slide wire. The actual measurement is made by manually 
adjusting the slide wire to obtain a balance. 

The oscillator, shown inclosed in the dotted lines marked B, 
supphes the audio-frequency voltage to the bridge. The 
balance is determined by taking the unbalance or detector 
current through a transformer and into a normal three-stage 


AC D 



amplifier inclosed in the dotted lines C. It is noted that 
the first two stages are in one tube envelope, and in the other 
tube envelope the tube elements are connected in parallel. 
The output of the amplifier feeds into the detecting section D, 
so that even a very minute unbalance at A becomes sufiiciently 
large for the balance meter to detect. 

The operation of the detecting element is somewhat com- 
plicated by the ring-rectifier element,* which is used with 


* The operation of this ring-rectifier bridge is based on the fact that the voltage 
from the oscillator is always considerably larger than that from the amplifier 
detector. It therefore determines which of the bridge elements are of low resist- 
ance and high resistance each half cycle. The output of the amplifier is impressed 
upon a circuit which from its comers is unsymmetrical, and so a current fiows 
through the balance meter, the direction depending upon the polarity of the 
amplified voltage with respect to the oscillator voltage. 
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a zero-center balance meter to indicate )bhe directibn in which 
the bridge is unbalanced. This circuit is illustrative of many 
ingenious but somewhat complicated circuits which are con- 
tinuously associated with electronic equipment. Such circuits 
are very useful in making electronic equipment accomplish 
particularly difficult objectives, but they are discouraging 
to the beginner. When analyzing electronic circuits, the 
beginner is urged to group the circuit on a functional basis, 
much as has been done in the above circuit, and then the analysis 
of each element is much simplified. 

Measurement of pressure 

The measurement of pressure is usually accomplished 
by translating the pressure to a movement or deflection which 
is proportional to the pressure. This movement is then used 
to cause a variation in some electrical element, such as resist- 
ance, inductance, capacity, or voltage across a piezoelectric 
crystal. 

One method uses a wire resistance strain gage to measure 
the expansion of a very small cylinder (about one-fourth inch 
in diameter) which is made subject to the pressure. This 
appears to have real merit for pressures in the range of 1000 lb 
per sq in. The inertia is low, and therefore the frequency re- 
sponse is satisfactory up to several thousand cycles per second. 
This application shows the wide adaptability of a single tech- 
nique of instrumentation, such as the strain gage. 

Other pressure pickups use the variation of inductance or 
capacitance. These all require the use of amphfiers, and in 
some cases circuits, which act as integrators or differentiators. 
As a result, the use of these electrical pressure instruments is 
largely restricted to research problems involving high pressure, 
as in the study of the cylinder pressures of internal combustion 
engines. 

Electrical indication of position 

A method of transmitting position electrically from one 
location to another, which is finding extensive use, is that system 
known by such trade names as Selsyn, Autosyn, and so on. In 
this system two identical stators, similar to induction motor 
stators with three-phase windings, are used with bipolar fields 
which may be rotated and which are excited from a common 
110-volt a-c line. The stators are connected in S 3 anmetrical 
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fashion as shown in Fig. 18-14. If the unit at the left of the 
diagram is the sender or generator and the one on the right is 
the receiver or motor, then the rotor position of the sender will 
be determined by the position of the machine element which it 
is desired to indicate at the remote position. When this rotor 
has assumed a position, it will generate voltages in the stator 
windings by transformer action. The voltages of the stator 
windings will all have the same time phase but will differ in 



Fid. 18-14. Diagram of Selsyn Connections. 

magnitude. These voltages will cause currents to flow in 
the stator of the receiver, and these currents will produce a 
torque that will cause the rotor of the receiver to turn. This 
movement will continue until the rotor of the receiver assumes 
the same position as the rotor of the sender. When this occurs, 
the voltages in both stators, produced by the transformer action 
of the identical rotors, will be equal, and no stator current will 
flow. The rotor of the receiver, being free to move to any 
position, will therefore always assume the same position as 
the sender. 

Selection of electrical instruments 

Electrical instrumentation should never be chosen because 
it is electrical. Unless it is more accurate, more reliable, or can 
provide indication and recording at a central location, or in some 
other way will reduce operating costs or improve the product, 
it should not be installed. Good instrumentation will usually 
pay big dividends, but it should not be overdone. 

Local indication and recording save in the original cost of the 
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installation, but savings in cost of chaijiging charts, the advan- 
tage of being able to supervise the plant operation from a 
central location, and the reduction in maintenance resulting 
from removal of instruments from intimate contact with cor- 
rosive fumes, and so on, may well justify a central instrument 
room. 

Automatic control is usually associated with the instrumenta- 
tion. This subject is discussed in Chapter 19. Automatic 
control features will often determine the selection of equipment 
which combines control and instrumentation. 

Instrument maintenance 

Any system of instrumentation is only as good as the main- 
tenance of the equipment. Modern equipment involving 
delicate and highly accurate instrument mechanisms must be 
serviced by intelligent and well-trained personnel. It is not 
necessary that they be capable of designing the instruments, 
but they should understand their operation in order that they 
may know what to do in case trouble develops. 

Exercise 18-1. Design a meter that will give the cargo weight of 
an airplane. {Hint: Strain gages on the supports of the landing 
wheels is one possibility.) 

Exercise 18-2. Design an accelerometer using a spring-controlled 
iron armature to vary the inductance of a solenoid. 

Exercise 18-3. Show how a strain gage could be used to measure 
draw-bar pull of a locomotive. What precautions would have to be 
observed to get accurate results? How could it be calibrated? 

Exercise 18-4. Explain why two strain gages are often used in 
series, one on each side of a structural member under stress. 



CHAPTER 19 

Industrial Wiring Systems 

Types of industrial installations 

Industrial installations vary in size from the small shoe- 
repair shop using a single fractional-hp motor to the huge 
factories, refineries, mills, and so on, which use more power 
than many large cities. The problem of an electric power 
installation will likewise vary from a simple single-phase 
wiring plan to a very complex and carefully engineered dis- 
tribution system. Little difficulty is usually experienced with 
either extreme of this industrial wiring problem. The simple 
system can be adequately handled by the local electrical 
contractor guided by the National Electrical Code and the 
rules of the public utility serving the territory. The large 
and complex installation will be handled by competent electrical 
engineers in the employ of the industrial organization, aided 
very often by expert consulting engineers. In the intermediate 
group of industrial concerns, however, there is opportunity 
for pouch improvement. In most of these industries they cannot 
afford, or at least do not hire, competent electrical engineers, 
and the supervision of the wiring plan is the responsibility of 
the chemical, metallurgical, or civil engineer who is the technical 
advisor of the management. 

Power sources 

Most of the intermediate-size industrial installations will 
use power from the local public utility, and any plans for new 
installations or radical changes in present equipment should be 
discussed with the power company engineers. In general, the 
power company will have available a supply of three-phase 
power at 2400, 4160, 6900, or 13,200 v. For small installations 
or for intermediate installations in regions of heavy load density 
there will also be available three phase at 240 v or three phase 
four wire at 120-208 v. 

Where a power plant has already been installed as a part 
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of the industrial plant, it is likely to be one of the above voltages, 
although 460 v three phase is not uncommon. The problem 
of distribution to the buildings of the industry and to individual 



Fig. 19-1. Typical Illustration of the Application of Electrical Equipment to a 
Processing Industry (Paper Mill). 


operating processes within the buildings is -pretty much the 
same, regardless of whether the power is purchased from a public 
utility or taken from a local power plant. 

Design considerations in industrial wiring systems 

Industrial wiring systems have many of the design objectives 
common to all engineering design. This includes economy of 
first cost, low operating cost, satisfactory service continuity. 
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Fig. 19-2. A One-Line Diagram of a Typical Power System Supplying an Industrial Load. 
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reliability, expansion, and safety considerations. In addition, 
the design must provide for satisfactory voltage regulation,' must 
conform to the National Electrical Code, and should follow 
the recommendations of recognized national committees which 
have indicated standards based on the cumulative experience of 
the members.* 

The voltage regulation on lighting circuits should not 
exceed 5 per cent, as at the lower voltage a reduction of approxi- 
mately 15 per cent in illumination is obtained with incandescent 
lamps. Fluorescent lamps are not as sensitive to voltage varia- 
tion, but these should not have a voltage variation of more than 
10 per cent above or below their rated voltage. Electric 
motors will also operate satisfactorily on voltages 10 per cent 
above or below rated voltage. In general, however, the voltage 
variation on a new installation should not exceed 3 per cent 
above or below the normal or rated voltage. 

Where the wiring problem represents an increase of load 
on the present system or changes in the location of equipment, 
consideration must be given to the fundamental adequacy 
of the present wiring system. The decision to discard a wiring 
system which has become inadequate is always difficult, since 
it involves an item of major expense which must be justified 
on the basis of reduced operating cost, improved electrical 
performance (which can be evaluated in terms of lowered 
production costs), the elimination of fire hazards, greater 
safety to employees, reduction of future expenditures (if the 
inadequacy of the present system may be definitely predicted), 
or other similar considerations. 

It is very difficult if not impossible to give a dollar value to 
some of these considerations, and usually all economic predic- 
tions are subject to widely varying interpretation by different 
individuals in the organization. It is necessary, therefore, that 
the engineer work closely with the management in evaluating 
intangible factors and that he have a clear idea of most probable 
future development as estimated by the management. 

If the contemplated addition or change to the wiring system 
does not justify a major change, but if such a major change is 
anticipated in the future, the present change must be made in a 
manner that will fit into the future plan, or made as a temporary 

* The A.I.E.E. report Electric Power Distribution for Industrial Plants is one 
such report which might be used to advantage in studying design standards for 
any particular installation. 
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expedient. Temporary expedients are responsible for much of 
the bad industrial wiring at present, as the temporary expedient 
has a way of continuing temporary over a long period of years. If 
the present wiring system is adequate, then there is no problem, 
since the voltage, phase, general wiring method, and other 
features are determined. 

Selection of. voltage for distribution 

Where a new installation, or a major revision of wiring plan, 
is under consideration, one of the first decisions to be made is 



Fig. 19-3. 2000-kva Load-C^enter Unit Substations for Secondary Service, Showing 
3 of 18 Units Installed in an Industrial Plant. 


whether the system shall be entirely low voltage or whether a 
combination of high voltage and low voltage is to be preferred. 
The design criteria mentioned above will determine the final 
decision on this question. 

The use of a combination of voltages cannot be justified 
in small installations. Recent developments in transformer 
design and in packaged or standard industrial substations have, 
however, made the combination of voltages much more attrac- 
tive for intermediate-sized installations. Transformers are now 



Fig. 19-4. A One-Line Diagram of a Typical Power Distribution System for Industrial Use. 
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available in air-cooled styles and with noninflammable cooling 
liquid which may be located in the center of a production floor 
without a transformer vault. The transformer and associated 
low- voltage switches or panel board may be located in a neat and 
compact metal enclosure which occupies little floor space and 
which gives a minimum distance from the transformer to the 
points of power utilization. 

The advantages of supplying power at high voltages to 
small transformer substations located at the load center include 
increased eflSciency and savings in the power bill, improved 
voltage regulation, which will usually be reflected in better 
illumination and increased production, and greater flexibility 
for load expansion or changes in production processes. In 
many cases it will be found that in addition to the above 
advantages the first cost is lower than the secondary or low- 
voltage installation with its associated long circuits of heavy 
copper wire. 

For most industrial installations of intermediate size using 
high and low voltages, the high voltage will be 2400 v or 4160 v, 
whichever is available. The use of combined high and low 
voltages will not ordinarily be justified for installations of less 
than 100-kva capacity unless this load is located at some 
distance from the power source. Where several hundred 
kilovolt-amperes of load are located over a fairly large floor 
area, the possibilities of e.stablis}iing transformer substations 
in different load centers should be carefully considered. The 
chief disadvantage of an intermediate voltage such as 460 v has 
been the danger to employees who may come in contact with this 
voltage through defective insulation. With improvements in 
equipment design and wiring techniques, however, the popu- 
larity of 460 V is increasing. 

Selection of the type of secondary system 

The single-phase system supplying 115-230 v may be found 
to be economical for lighting load only or for power loads below 
five kilowatts. In general, however, all industrial wiring 
systems requiring the attention of the engineer will be three 
phase. 

The 120-v single-phase, 208-v three-phase four-wire system 
was described in some detail in Chapter 8. This system has 
the great advantage that both light and power can be taken 
from the same wires. Where the lighting load is predominant, 
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it is usually the most satisfactory secondary system. It does 
have the disadvantage that the nominal three-phase voltage is 
below the normal 220-v rating of the motors. Since induction 
motors will not operate satisfactorily on a voltage more than 
10 per cent below rated voltage, only an 8-v total line drop is 
permissible from the substation to the motor. 

Where the majority of the load consists of motors, it is 
usually preferable to use a nominal 220-v three-phase three- 
wire system with an actual no-load voltage of about 240 v. 
This gives much better performance on the motors but norm- 
ally requires that the hghts be supplied through insulating 
transformers. This limitation is not serious where the lighting 
load is small. 

Where both lighting load and power load are heavy, it 
may be found advantageous to use 460 v for both the motor 
load and the main lighting load. This is permissible if the 
lights are not less than 8 feet from the floor and do not have 
switches in the lighting fixture. 

Automatic switches for circuit protection 

All electric circuits are subject to short circuits and overloads 
which may become a dangerous fire hazard. Each circuit is 
provided with a fuse or an automatic switch which will discon- 
nect the circuit from the power source in case excess current 
flows. The oldest, the cheapest, and still a very important 
method of providing this circuit protection is by fuses that will 
melt and disconnect the circuit when the current exceeds the 
rated value. The disadvantage of the fuse is that it is expensive 
to replace and that it usually requires the services of an electrical 
maintenance man to put the circuit back in operation. This is 
costly in waste time and lowered production, while the workmen 
and machines being served by the circuit wait for power to be 
restored. 

Usually when a circuit fails due to a short circuit or over- 
load, the workmen know what caused the difficulty. If the 
particular motor involved is disconnected, the rest can continue 
to work, provided power is returned to the circuit. It is quite 
usual, therefore, for industrial concerns to use automatic 
switches instead of fuses. When this is done, the foreman can 
supervise the disconnection of the faulty equipment from the 
line and then close the switch so that the remainder of the cir- 
cuit can immediately continue operation. 
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The National Electrical Code 

The National Board of Fire Underwriters has prepared and 
maintains continual revisions of the National Electrical Code. 
This code establishes minimum safe practices for wiring under 



Fig. 19-5. An Under-Floor Conduit Installation Before Concrete Has Been 

Completely Poured. 


various conditions in order that hazards of fire and personal 
injury due to electrical causes may be reduced to a minimum. 
This document should be carefully studied by each engineer 
who is responsible for decisions on wing policy. 

The National Electrical Code does not specify general 
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design considerations, but it does indicate safe practices in 
wiring. It is necessary to abide by the code in order to conform 
to most municipal laws and in order that fire insurance contracts 
may not be voided. 

Methods of wiring 

Since a number of methods of installing electrical conductors 
in buildings are approved by the National Electrical Code, it is 
necessary to choose among them. 



Fig. 19-8. An Installation of Cellular Steel Floors Before Concrete Surface Has 

Been Poured. 


The most popular method of wiring for industrial service is 
known as conduit wiring. In tliis system the wires are enclosed 
in steel pipe or conduit, which protects them from mechanical 
injury and which also protects the building from fire in case of 
short circuits within the conduit. This system has the advantage 
of being the least expensive of the really satisfactory methods 
of instalhng electrical wiring. It is not flexible, since, if a load 
is moved, it is necessary to tear out the conduit and reinstall 
it in a new location. It has the further disadvantages that it 
interferes with passageways if laid on the floor, and, unless 
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carefully planned, is unsightly and interferes with illumination 
when mounted on the ceiling. Flesdble conduit is usually 
limited in its use to making connections from the rigid conduit 
to the individual machines. 

To meet these objections, in many modem buildings under- 
floor conduit is laid out in grids so that no portion of the floor 
is more than five or six feet from an available conduit opening. 
The flexibility of this system is high. The cost is higher than 
conduit but is justified when new high-quality industrial build- 
ings are being constructed. 

Cellular steel floors are now available, which not only provide 
the structural support for the floor but also act as raceways for 
electric wiring, air, gas, and water services. This t 3 q)e of 
flooring is a part of the building structure and is ideal for many 
types of laboratory and industrial buildings. The construction 
details are shown in the drawing of Fig. 19-7. An actual 



Fiq. 19-9. (a) Typical Industrial Distribution System Utilizing Enclosed Busbar 
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installation is shown in Fig. 19-8, which is ready for the concrete 
surface to be poured. In such a floor, the wiring plan can be 
arranged so that no point on the entire floor area is more than 
a foot from a point of electrical service. 

Several manufacturers have available a system of construc- 
tion known as btisways. In these, which are illustrated in 
Fig. 19-9, heavy bus bars are enclosed in steel or aluminum duct 
and supplied in prefabricated form. Regularly spaced open- 
ings are provided in the ducts so that connections can be made 



(b) 


(Flex-ft-Power) Method of Wiring, (b) Typical Commercial Installation. 
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to supply local feeders through approved protective devices. 
Since the busway comes in prefabricated sections, which are 
connected in installation, it is not difficult to disconnect the 
sections and reinstall them in a new location or in a different 
pattern if the assembly line or production machines are moved or 
reorganized. For many installations this system is advanta- 
geous in spite of its greater cost as compared to conduit. 

Armored cable is used for temporary construction and for 
installations of small capacity. It is not, however, commonly 
used for medium- and large-sized industrial installations. 

Although open wiring is not entirely forbidden in industrial 
buildings, it is not favorably considered except in the most 
temporary construction. Even in temporary work, the engineer 
who approves this type of wiring is assuming considerable 
responsibility, since in temporary construction the fire hazards 
and the possibility of mechanical damage to the wiring are 
often unusually high. 

Summary 

Since the cost of electrical distribution is only about 2 to 
10 per cent of the total cost of the industrial installation, and 
has so great an effect on the reliability and satisfactory operation 
of the entire plant, the best system possible is likely to be 
justified. Consult the public-utility engineers regarding the 
power sources available. Take advantage of the knowledge 
and experience of the sales engineers who supply electrical 
equipment and if the job is large, retain the services of a con- 
sulting electrical engineer. Plan for possible expansion and 
change in the industrial program. Get the best electrical system 
possible, because it will pay big dividends! 

Short problems. (1) It is necessary to supply ten 300-w lamps 
from a 120 v single-phase source. What size wire would be required 
by the National Electrical Code? 

(2) If the lights in problem 1 were located in a room 160 ft from 
the source or panelboard, what would be the voltage drop? Is this 
satisfactory? What size wire should be used? 

(3) What size wire would be required by the code to supply ten 
300 w lamps on a 120-240 v three-wire single-phase system? What 
would the voltage drop be if the lights are 170 ft from the supply and 
they are equally divided between the two sides of the line? Is this 
voltage drop satisfactory? What wire size would you actually 
recommend? 
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(4) A small assembly plant requiring 2 kw in incandescent lamps 
is to be located 500 ft from the main building of the industry. The 
power supply available in the main building is 220 v three phase 
three wire. How would you supply this load? Would you use 
the same system if the load were 10 kw? Give reasons for your 
answer. 

(5) Two floors of an industrial building are fed by a single-phase 
three-wire 120-240-v line which is 400 ft long. The wire size is #8. 
The load on the upper floor, which is supplied by one side of the line, 
is 3 kva. The load on the lower floor, which is supplied by the other 
side of the line, is 2 kva. Determine the current in each of the three 
feed wires and the voltage supplied to the upper and the lower floor, 
if the voltage at the source is 120-240 on a three wire single phase 
line. 

(6) It is necessary to supply a load of 1 0 kva in lights and fractional- 
horsepower motors to a new addition to the plant located 600 ft from 
the power source. The power available at tl\is source is 230 v three 
phase three wire. Would you recommend that the building be sup- 
plied by single phase or three phase? Transformers to step from 230 
V to 115-230 V may be assumed to cost $15 per kva in small sizes and 
wire to cost approximately 75 per pound of bare copper in the smaller 
sizes. 

(7) A pump requiring a 50 hp motor is to be located on a canal 

500 yd from the plant. The power supply to the plant is 2300 v 
three phase, which is stepped down to 120-208 v three phase four wire, 
(a) If the motor is supplied from the 208-v secondary, what sized 
wire is required to maintain the minimum voltage of 200, which is 
needed for satisfactory motor operation? (b) A step-up transformer 
to boost the voltage from 208 to 230 v may be obtained for $100. 
How much could be saved in the cost of the installation by stepping 
the voltage up so that the wire size required by the code would be 
adequate? Assume that the price of wire for these sizes is about $1 
per thousand feet for each 1000 cir. mils of cross-sectional area, 
(c) What considerations would favor and what oppose the plan of 
supplying the motor by a 2300-v line with a step-down transformer 
whose cost is $600? (d) Would you consider the use of a 50-hp 

2300-v motor? 

Project problems. (1) Redesign the wiring system for a small 
industrial concern with which you are familiar. 

(2) A large one-story building is available for use. It is divided 
into four equal sections, each 100 ft by 150 ft. Power at 2300 v three 
phase is available. The process has been laid out, and section D 
is for receiving and storage of raw materials. It requires 16 kw 
of lights and 5 kw of fractional-horsepower motors. Section C is the 
chief processing space and requires 30 kw in lights and 200 kw in 
medium-size induction motors for processing machines. Section B is 
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final processing and subassembly. It requires 30 kw for lights and 
100 kw for power in medium and small motors. Section A is final 
assembly, packaging, and shipping. Lighting requirements are 20 kw 
and power is only 50 kw, half of which is in a baking oven for drying 
the final finish. 

Make recommendations on a power-supply system which will give 
most satisfactory service with minimum cost. (The completeness of 
this can be gaged to meet the time available for study.) 

Sussested Supplementary Readins 

Electric Power Distribution for Industrial Plants^ Bulletin of the 
American Institute of Electrical Engineers. 

National Electrical Code of the National Board of Fire Underwriters, 
1947. 85 John St., New York or 222 West Adams St., 
Chicago. 

Tarboux, J. G., Introduction to Electric Power Systems, Scranton: 

International Textbook Company, 1944. 

Whitehome, Earl, Electrical Wiring Specifications. New York: 
McGraw-Hill Book Company, Inc., 1941. 



CHAPTER 20 

Electric Powei — Economics and Maintenance 

Elements in the cost of electric power 

The basic elements of cost are the same for power generated 
by pubhc-utility companies and by industrial plants. These 
are fuel, labor, investment costs, and maintenance. Their 
relative magnitude varies over a wide range depending upon 
the conditions of generation. Fuel costs are usually properly 
allocated, but sometimes lubrication cost, which is an associated 
item of operating expense, is not. In hydroelectric plants the 
item of fuel cost is omitted, but the investment costs are cor- 
respondingly increased. Investment costs are usually most 
difficult to evaluate correctly, particularly in industrial plants. 
Labor cost is likewise difficult to determine, where the operation 
and maintenance personnel work on both the power plant and 
the general plant operation. Maintenance is often deferred, 
and so the operation of the first few years may not be a correct 
criterion of average maintenance costs. Each of these items 
will be considered separately, and then some operating methods 
will be discussed which may assist in keeping these costs at a 
minimum. 

Fuel costs. Except for hydroelectric-power generating 
stations, fuel is one of the most important costs. From the 
operating point of view it is probably the most important because 
it is a cost that can be reduced by maintaining maximum 
efficiency. It might be said that measurement is the first step 
to economy. Therefore, it is important to know the unit cost 
of fuel from week to week and month to month. When this is 
known, it is possible to determine whether operational efficiency 
is improving or dropping and thus to interpret the effects of 
different operating procedures. 

Where electric power is a by-product, as where large amounts 
of process steam are needed, it is necessary in some way to 
allocate costs to electric power and to steam. Metering is 
usually a difficult problem, and important engineering decisions 
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often depend on costs, which in turn l^ave been based on a 
division of charges made years previously without adequate 
information and without a realization of their , importance. 
Accurate information is the first prerequisite to intelligent 
engineering decisions. 

Labor costs. Labor costs are another important part of 
power costs. Particularly is this true in . a small industrial 
power plant. Here the ratio of man hours to power output is 
much higher because of the smaller machines, and thus the 
labor charges are usually higher. When operating personnel 
are responsible for duties outside of the power plant, an alloca- 
tion of costs is necessary, and considerable judgment is required 
to obtain an equitable distribution. In general it may be said 
that the little additional expense necessary to obtain high- 
quality operating personnel will pay big dividends in improved 
efficiency and reduced maintenance costs. 

Investment costs. Investment costs involve depreciation 
rates, rates of return on investment, and so on, all of which are 
more dependent upon the stability of the enterprise than on 
the life of the generating equipment. Where the power plant 
is housed in the manufacturing buildings, it is always a question 
as to how much of the building charges should be assigned to the 
power plant. 

It is quite reasonable to assume that the normal life of 
electrical equipment is twenty years, although much equipment 
is still in use after thirty or forty years. Usually the functional 
life of equipment is not as long as the life on the basis of “wear- 
ing out,” and so the “functional life” is more important in 
determining investment costs. For instance, a power plant 
installed in an industrial plant might cost a milUon dollars. 
If the industrial plant became inoperative after five years, the 
salvage value of the power plant might be less than one hundred 
thousand dollars, and therefore a depreciation charge of 20 per 
cent of the investment would have been justified. Except in 
the more stabilized industries, an estimated life of industrial 
equipment beyond ten years is seldom justified. In the case of 
pubhc utihties, it may be assumed that electric power will 
continue to be required in one factory or another. Thus the 
longer life and smaller depreciation charges are justified. 

Rates of return on investment, sometimes referred to as 
interest and profit, are reflected also in terms of the functional 
life of the equipment. The profit part of the return is to com- 
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pensate for the risk of loss, and in the less stabilized industry the 
shorter probable life and the greater risks are closely associated. 
Therefore, rates of return on the investment of 6 to 10 per cent 
may be justified. This, added to a 10 per cent annual deprecia- 
tion charge, will bring the annual investment charges to 15 or 
20 per cent of the initial investment. In an industry that has 
been stabilized over a period of twenty years or more, these 
charges may be reduced on the basis of their experience. 

In a steam-generating plant the costs will include the costs 
of boilers, turbines, generators, switchboards, and associated 
auxiliaries with the necessary wiring. Cost of a building to house 
the power plant and of land on wliich to place the building 
must also be included. 

Maintenance. When estimating probable costs of anew 
installation, maintenance is one of the most difficult elements 
to determine. If equipment of a similar type has been in 
operation for ten years or more, and if accurate costs have been 
kept on such an installation, and, furthermore, if such costs are 
available to the engineer making the estimate, a reasonably 
accurate determination may be expected. Usually, however, 
these ideal conditions do not exist. 

Operating maintenance has a habit of being greater than 
originally estimated, and so it is wise to be pessimistic rather 
than optimistic in making these estimates. In industrial 
power plants this is particularly true, since the job of the 
industry is to manufacture a product rather than to generate 
power; therefore the maintenance schedule of the power plant 
is usually subservient to the production schedule of the industrial 
plant. That this is proper does not make it any the less true, 
nor does it reduce the actual maintenance costs. 

Consideration of such points emphasizes the importance of a 
carefully organized maintenance program. Although a com- 
paratively small part of the total cost of power, maintenance 
can have a marked effect on the economy of the industrial 
plant by assuring continuous and uninterrupted electric service. 

Power-generation equipment 

The most important part of electrical generating equip- 
ment from the point of view of the production or operating 
engineer is the prime mover, which is beyond the scope of this 
text. For industrial plants these prime movers are usually 
steam turbines or Diesel engines. The turbine is a very high- 
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speed machine, while the Diesel engine^ is inherently a low- 
speed machine. This difference in speed affects considerably 
the proportions of the electrical generator to which they are 
connected, but either generator may be expected to give many 
years of trouble-free service with a minimum of maintenance 
if treated intelligently. 

The electrical generator will in practically all cases be a 
60-cycle alternator, since that frequency is standard for the 
nation. An exception might be a small plant which needed 
d-c motors and therefore chose to generate direct current for use 
throughout the plant. Since a-c generators are assumed, they 
will supply a distribution system as described in Chapter 19, 
and so, except for the generator circuit breakers to supply the 
power bus and distribution breakers to supply the power-plant 
auxiliaries, the distribution system will be the same. 

Purchased power vs. manufactured power 

Producing electric power is a specialized business just as is 
any other manufacturing process. It is not surprising, there- 
fore, to find that plant superintendents chosen for their intimate 
knowledge of the industrial process should not normally be 
particularly familiar with the tricks of the trade of power genera- 
tion^ Furthermore, the responsibility of having to supervise 
a power-generation program with which they are not too familiar 
may detract from their efficiency in supervising the industrial 
program^ From the point of view of the operating personnel of 
an industrial plant, a reliable supply of purchased power is 
preferable to generating their own power, since they can then 
concentrate their energies on the main job. 

From the point of view of investment costs, the purchased 
power is much to be preferred. The power plant will usually 
cost from one hundred to two hundred dollars per kilowatt 
of capacity, whereas a substation to take care of purchased 
power will be limited to ten or twenty dollars per kilowatt? 
With most industrial projects, this reduction in capital required 
will be of considerable importance. They can usually invest 
their capital at a return that is greater than that invested 
in the power-generating equipment, and so the purchased power 
is attractive from the investment angle. 

Another advantage of purchased power is that a power 
plant may block future desirable expansion of the manufacturing 
plantf This is particularly true where space available for 
expansion is definitely limited. 
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To offset these advantages of purchased power, there 
are occasionally situations in connection with the manufacturing 
processes which permit the power to be generated as a by-prod- 
uct. In this case, the industrial company cannot afford to 
purchase power at a cost that is much higher than power that 
they themselves can produce! Cases of this kind include 
situations in which much process steam is used.* Here power 
can be produced by high-pressure or bleeder turbines supplied 
by high-pressure boilers and exhausting into the process steam 
lines. In other cases waste products can be used as fuel.* The 
decision to purchase or generate should be based on a careful 
and detailed engineering study if there is any doubt as to t!'.e 
correct decision. 

‘ Preventive maintenance 

The maintenance of electrical equipment differs little in 
basic principles from any equipment-maintenance problem. 
A regular schedule of inspection is necessary to determine 
whether any deterioration has occurred and whether any repair 
or adjustment is required. 

In the discussion of electric motors, mention was made 
of the generally low maintenance of these items of electrical 
equipment. Because they require attention so seldom, it is 
sometimes assumed that they never need to be inspected. This 
assumption is not correct. A proper maintenance schedule is 
necessary. 

Where the loads are heavy and the motors become quite 
hot, the volatile material in the insulation is baked out and the 
insulation then becomes brittle. It is desirable that this volatile 
material be replaced periodically by new coatings of insulating 
varnish. The frequency of this treatment will depend upon 
the operating temperature and may vary from twice a year to 
once every five years. 

In d-c motors, most of the maintenance centers around the 
commutator and brushes. It is important to keep the com- 
mutator smooth and clean, to keep the mica properly undercut, 
to maintain correct brush pressure, and to see that the brush 
surface is smooth and clean. 

The important part of a maintenance program is to establish 
and follow vigorously a regular schedule of inspection and 
routine maintenance operations. If tliis is done, it is not likely 
that failure will occur at critical times during production. 
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Preventive maintenance is better than/ rebuilding machii^es 
after they have failed. 

The maximum-demand charge 

The power company must make an investment in power 
plant, substations, and power lines adequate to handle satis- 
factorily the maximum power required by each of its customers. 
Since this cost to the power company is not proportional to 
the energy used, most companies make a special charge to cover 
it. The charge is dependent upon the maximum load or maxi- 
mum demand for power made by the customer. This maximum 
demand is measured by a meter and placed on the bill along 
with other elements of the cost. 

The maximum demand is defined as the highest average 
load for any short specified period (usually fifteen minutes) 
during the billing period'. Thus, a large load that lasted 
only two minutes might not cause an increase in the maximum 
demand if the average load at that same period were less 
than the maximum. The maximum demand may be deter- 
mined on the basis of either kilowatts or kilovolt-amperes, 
depending upon the terms of the contract. 

The young engineer can often save his company a con- 
siderable amount of money and make a good reputation for 
himself by intelligently scheduling heavy loads so that, at the 
time they are on, the nonessential loads are off. This procedure 
holds down the maximum demand and reduces the monthly 
power bill. 

Example. An industrial plant is buying power on a contract that 
specifies a charge of $1.50 per month per kva of maximum 15-min 
average demand within the month. The present maximum demand 
is averaging 875 kva and is found to occur at the beginning of the day 
when all motors are started at the same time. It is found that, if 
these motors are started in two groups spaced at one-half hour inter- 
vals, the maximum demand (for fifteen minutes average) is reduced 
to 700 kva. What is the annual savings? 

Solution: (1) Monthly savings amount to 

175 kva @ $1.50 -= $262.00. 

(2) Annual savings = 12 X 262 = $3,160.00. 

Exercise 20-1. Determine the cost of starting and running a 
large milling machine for one hour per month if it draws 10 kva from 
the power line. Assume that this will increase the demand by 10 kva 
and neglect the energy charges. 
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Exercise 20-2. How much will a 10-kva load lasting 3 min increase 
a 15-min maximum demand? 

Power-factor correction 

The amount of equipment needed to supply a given load 
will depend upon the current, since the limitation on most 
electrical equipment is that of heating, an important element 
of which is proportional to the square of the current. Thus it 
will require approximately 20 per cent more equipment to supply 
a given load at 80 per cent power factor than it would at 100 
per cent power factor. The maximum demand is often based, 
therefore, on maximum kilovolt-amperes rather than on kilo- 
watts. When it is based on kilowatts, there is usually a clause 
in the power contract which penalizes for low power factor, or 
gives a bonus for high power factor. 

Thus it becomes of considerable importance to the industrial 
plant to maintain as high a power factor as possible. Since 
most of the power load is usually composed of induction motors 
which have an inherently lagging power factor, this is not always 
an easy problem. As was mentioned in the chapter on induc- 
tion motors, the exciting current which lags by almost 90 degrees 
is approximately constant, while the power input or in-phase 
component of the current varies with the characteristics of the 
load. Thus, if an induction motor is lightly loaded, it will 
have a low power factor. The first thing to do in correcting 
low power factor is to see that the machines are not run by 
motors that are larger than necessary.' Not only will the power 
factor be improved if the induction motors are properly loaded, 
but the efficiency will be improved as well. Thus, in selecting 
a motor to do a specific job, it should be expected that it will 
operate normally at nearly full load. If there are short periods 
(10 minutes or less) in which 150 per cent of full load or even 
more is required, the average induction motor will take care of it 
satisfactorily. The torque-speed curves of induction motors 
in Chapter 12 showed that these motors would provide 200 per 
cent or more of full-load torque for short periods of time. 

Although it is desirable to maintain proper loading on induc- 
tion motors, this will not always solve the problem. It is often 
economical to install capacitors to supply the exciting current 
locally and thus improve the power factor.^ Sometimes it is 
advisable to do this as a unit at the substation, but often it is 
advisable to install the capacitors at the ends of the line or 
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near the load center on a particular feeder. The closer the 
capacitors are placed to the induction motors, the induction 
furnaces or arc furnaces, or other low-power-factor loads, the 
more effective they will be. 

If there is a pump, or some similar load of considerable size 
that operates continuously at constant speed, it is often desirable 
to use a synchronous motor drive."^ If the motor has been 
designed for this purpose, it is possible to overexcite it, and thus 
it will take a leading current which will neutralize a portion of 
the lagging load. 


Example. An industrial plant draws 150 kw from a 208-v three- 
phase power line. The power factor is 0.7. 

(a) How many kva of capacitors are needed to bring the power 
factor to 0.9? 

(b) If, instead of using static condensers, an additional load of 
50 kw is to be supplied by a synchronous motor at 0.7 power factor 
leading, determine the final power factor of the plant load. 

Solution: If B is the power-factor angle, 


and 


kw 

cos B = — ? 
kva 

rkva 


sin B = 


kva 




where rkva is the reactive kilovolt-amperes. 


( 1 ) 


kva = 


kw 150 


= 214. 


cos B 0.7 

(2) The reactive kilowatt-amperes at 0.7 power factor is 

rkva = 214 sin B = 214 sin 45.5° 

= 153. 

(3) The reactive kva at 0.9 power factor is 

150 150 

rkva = — sin (cos“^ 0.9) = ^ sin 26° 

= 73.5. 


(4) Reactive kva which must be neutralized to obtain 0.9 power 
factor is 

153 - 73.5 = 79.5 rkva. 

Since capacitors have approximately 90° leading current, 80 kva of 
capacitors would neutralize the same amount of inductive rkva. 
(Ans.) 
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(5) In part (b), the additional load would have 50 kw and a 
leading rkva of 


rkva = ^ sin (cos“"^ 0.7) = ^ sin 45.5 
= 51. 

(6) The total rkva is the difference between the lagging and leading 
rkva which is 

153 — 51 = 102 rkva lagging. 

(7) Total kw = 150 + 50 = 200. 

power factor = cos (tan"*^ = cos 27° 

= 0.89. 

Exercise 20-3. A group of induction motors is drawing 22 kw 
from a 440-v three-phase power line. The power factor is measured 
and found to be 0.65. What kva of capacitors is needed to raise the 
power factor to 0.8? 

Exercise 20-4. An industrial plant is being penalized (in the 
power bill) for a low power factor. The present total load is 250 
kw at 0.6 power factor. A 75-hp induction motor is driving a com- 
pressor at an average input of 50 kw and a power factor of 0.75 lagging. 
This motor can be replaced by a synchronous motor operating at 0.7 
power factor leading. Will this correct to total power factor of 0.80 
or better, which is reciuired for a normal rate by the power company? 

Exercise 20-6. Determine the annual savings due to the capaci- 
tors in exercise 20-3 if the demand charge is $1.40 per kva per month. 

Exercise 20-6. If the penalty in exercise 20-4 is in the form of a 
kva charge for demand, and if the demand charge is $1.50 per kva 
per month, determine the maximum cost that would be justified in 
shifting to a synchronous motor. Assume that a return on the invest- 
ment of 18 per cent is required. This includes depreciation. 

Sussested Supplementary Readins 

Justin, J. D., and Mervine, W. G,, Power Supply Economics, New 
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Morrow, L. W. W., Electric Power Stations. New York: McGraw-Hill 
Book Company, Inc., 1927. 

Rogers, P. L., Power-Factor Economics. New York: John Wiley & 
Sons, Inc., 1939. 
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inductive reactance of, 122 
resistance, temperature measurement 
using, 358-362 
Commutation : 
d-c machine, 85-77 
mercury-arc rectifier, 338-340 
Compensating windings, 90 
Compound motors, 98-100 
Compressors, 255 
Conductors: 

electrical resistance of, 14-20 
Conduit wiring, 384-385 
Connections of d-c motors, 101-104 
Constant speed power loads (see Motor 
applications), 254-270 
Control: 

d-c motors, 101-107 
induction motors, 240-242 
light, 347 

Controllers, electronic, 305-312 
Copper: 

brazing furnace, 319-320 
magnet wire, 16 

Core-type induction furnace, 321-324 
Cost, electric power, 390-394 
Coulomb, 2 

Counter-electromotive force, 9^96 
Coupling capacitors, 298 
Cranes, 258 
Current: 

in capacitive circuits, 137-140 

in d-c circuits, 1-28 

in inductive circuit, 63-65, 122-133 
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Current (conL): 

-speed characteristics, induction mo- 
tors, 234 

D-c circuits, 1-28 

electrical conductors, resistance of, 
14-20 

Kirchhoff^s laws, 21-26 
Ohm^s law, 4^5 
parallel, 10 
power in, 5-6 
series, 9 

series-parallel, 11-13 
superposition method, 25-26 
symbols, 27 
D-c generators, 70-93 
armature reaction of, 89-90 
commutation, 85-86 
construction of, 75-82 
excitation, 87-89 
load limitations and rating, 92 
D-c motors: 
compound, 99 
controllers for, 101-107 
generated voltage, 95 
load limitations and rating, 108-111 
rating, 108-111 
series, 100 
shunt, 97-99 

Ward-Tjconard control for, 107 
Design: 

of illumination, 352-355 
of industrial wiring system, 374-387 
Dielectric constant, 135 
Diffused reflection, 348 
Diode tubes: 
gas, 279 
glow, 287 
high- vacuum, 275 
phototube, 286 
rating, 278 

Direct illumination, 347 
Domains, magnetic, 39-40 
Double diode, 281 

Double squirrel-cage induction motor, 
231-232 

Drip-proof motors, 260 
Dynamometer type of meter, 52-54 

Effective value of a-c waves, 115-117 
Efficiency: 

of a-c generators, 218 
of a-c wound-rotor induction motor, 
231 

of d-c machines, 107 
of transformers, 189-191 


Electrical sheet steel, 43 
Electric-arc furnaces, 324-325 
Electric heating, 317-331 
Electricity, nature of, 1-3 
Electromagnetism, 29-44 

air gap, magnetic flux in, 33-34 
concepts, 29-31 
direction of, 30, 47, 70-71 
hysteresis loop, 41-43 
induced voltages, magnitude of, 62-64 
iron, magnetic characteristics of, 31-44 
magnetization curves, 33 
pull of electromagnets, 36-39 
simple magnetic circuits, calculation 
of, 34-35 

Electronic circuits: 

equivalent circuit of triode, 296 
filter, 285-286 
for phototube, 286-287 
high-frequency oscillators, 302-305, 
329-331 

phase-shifting, 308-309 
rectifier, 281-285, 337-341 
Electrons : 

movement of, in vacuum, 272-273 
thermionic emission, source of, 273 
Electron tubes: 
advantages of, 165 
diodes, 271-287 (see also Diode tubes) 
gas, 279-280, 305-314 
glow, 287 

historical development of, 271 
phototube, 287 

triodes, 288-305 (see also Triodes) 
Electrostatic precipitation equipment 
341-343 
Elevators, 258 

Energy stored in a magnetic field, 66 
Excitation of d-c machine, 87-90 
Explosion proof motors, 260 

Fans, 255 

Farad, definition of, 134 
Ferromagnetic! theory, 39-43 
Field resistance line, 88 
Filter circuits, 285-286 
Fluorescent lamps, 351-352 
Flux density, 30 
Flux linkage, 62-65 
Foot candles, 346 
Furnaces: 

electric arc, 324-325 
induction, high-frequency, 325-331 
induction, low-frequency, 320-324 
resistor, 317-320 
Fuses, 6 
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Galvanometer, 66-56 
Gages, strain, 368-370 
Gas triode: 

grid control of, 307-312 
theory of, 305-307 
Gas tubes, 279 
rectifiers, 281-285, 337-342 
Gear motors, 262 
Generators: 

a-c (see A~c generators) 
d-c (see D-c generators) 

Glare, brightness and, 349-350 
Glow tube, 287 

Half-wave rectifier, 281 
Heating, 317-331 
electric, advantages of, 317 
electric-arc furnaces, 324-325 
induction furnaces: 
high-frequency, 325-331 
submerged-resistor type, 321-324 
resistor type, 317-321 
High-frequency induction heaters, 325- 
331 

High-frequency oscillators, 302-305 
High-slip induction motors, 234 
Hysteresis loop, 41-43 

Tgnitron tube, 312-314 
Illumination, 345-355 
brightness and glare, 349-350 
designs, 354-355 
direct, 347 
nature of, 345 
translucent materials, 349 
Impedance: 

and phase angle, 126-127 
circuit of several elements, 128-148 
Incandescent lamps, 350-351 
Indirect illumination, 347 
Induced voltages, magnitude of, 62-64 
Inductance, 64-66 
bridge, 172-173 
coil, power in, 124-125 
mutual, 67 

Induction furnace, submerged-resistor 
type, 321-324 
Induction motors, 219-247 
adjustment of current to load torque, 
223-225 

construction of, 219-222 
control equipment for, 240-242 
operating characteristics, 226-230 
polyphase, 219-243 
single-phase, 243-247 
standard types of, 233-234 


Induction/motors, (coni,): 
starting performance of, 235-240 ' 
wound-rotor, 230-231 
Inductive reactance, 122-124 
Industrial measurement, 356-373 
Industrial power loads: 

motor application to, 254-270 
Industrial wiring systems, 374-387 
Instruments: 

dynamometer-type, 52-55 
iron-vane-type, 161-163 
selection and maintenance of, 372-373 
Insulators, 1 

dielectric constants of, 135 
Intermittent ratings, 263-264 
Internal or plate resistance of a tube, 
291-293 

Interpoles, 86-87 
Investment costs, 391-392 
Ionization, 279 
gas potential of, 279 
Iron loss of transformer, 189-191 
Iron, magnetic characteristics of, 31-33, 
39-44 

Iron- vane meter, 161-163 

Joule, 6 

Kilo-, 28 
Kilowatt-hour, 6 
Kirchhoff’s laws, 21-26 

Lamps, types of, 350-352 
Lap winding, 82-85 
Leakage: 
flux, 186 

reactance, 185-188 
Lenz’s law, 62 
Light: 

character of, 345 
control of, 347 
diffused reflection of, 348 
reflecting surfaces, 347-349 
sources of electric, 350-352 
units, definitions of, 345 
Lumen, 346 

Machine tools, 256-257 
Magnetic circuit, calculation of, 34r-39 
Magnetic concepts, 29-31 
Magnetic field, of bar magnet, 30 
Magnetic flux, in air gap, 33-34 
Magnetic units, 31-32 
Magnetization curves: 
of generator, 87-89 
of typical materials, 33 
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Magneto-generator, 366-368 
Magnet wire, 14-16 
Maximum-demand charge, 395 
Maxwell's mesh equations, 24-25 
Mean-free-path, 272-273 
Measurement: 
of pressure, 371 
of speed, 366-368 
of stress, 368-371 
of ternperatiire, 358-366 
Mega-, 28 

Mercury-arc rectifiers, 284-285, 337- 
342 

Mercury-vapor lamps, 351 
Metals, resistance data on, 18 
Meters, types of : 
dynamometer, 52-55 
indicating, 357-366 
iron-vane, 161-163 

permanent-magnet, moving-coil, 45- 
52 

recording, 357-368 
rectifier, 163 
thermocouple, 163-164 
Mho, 10 
Micro, 28 
Milli, 28 
Motors: 

a-c (see A-c motors) 
application of, 254-270 
bearings, 260 
d-c (see D-c motors) 
electronic control of, 310-312 
ratings, 108-111, 262-264 
types of housings, 259-260 
Multigrid high-vacuum tubes, 314-315 
Mutual conductance, 292 
Mutual inductance, 67 

NKMA standards, 109-1 1 1 
Null methods of measurement, 56-59, 
171-175 

Ohm, 2 
Ohm’s law, 3 

Oil cooling system of transformer, 183- 
185 

Oscillators, 302-305, 328-332 
Oxide coated cathodes, 273-274 

Parallel: 

circuits, a-c, 130-132, 142-148 
circuits, d-c, 10-13 
operation of transformers, 193 
Pentode, 314 
Permalloy, 43 


Permeability, 44 
Phase angle, 119 
Phase-shifting circuit, 308-309 
Phasors, 118 

Photoelectric tube, 286-287 
Plate resistance, 292 
Polyphase : 

a-c generators, 202-218 
induction motors, 219-243 
rectifiers, 282-284, 337-342 
transformer connections, 194-196 
transformers, 196-199 
Potentiometer, 58-59 
Power, electric, 5-6 
and power factor, 133 
generation equipment, 392-393 
in inductive circuit, 124-125 
Power-factor correction, 396-398 
Power-factor measurement, 170-171 
Precipitation equipment, electrostatic, 
341-343 

Pressure measurement, 371 
Projection welding, 333-335 
Protected motors, 259 
Pumps, 254 

Radius vectors, (phasors), 118 
R,ate of change of current, 121-122 
Rating: 

a-c machines (see A-c generators and 
motors) 

d-c machines (see D-c generators and 
motors) 

Reactance, a-c: 
capacitive, 138 
inductive, 122 
Recording meters, 357-366 
Rectifiers: 
circuits, 281-284 
full-wave, 281-282 
half-wave, 281 
ignitron, 312-314, 337-342 
mercury-arc, 282-284, 337-342 
polyphase, 282-284, 337-342 
Rectifier-type meter, 163 
Reflection: 
diffused, 348 
specular, 347-348 
spread, 349 
Resistance, 4 

and capacitance, 139-140 
and inductance, 125-134 
bridge, 56-58 

coils, temperature measurement by, 
358-362 

inductance and capacitance, 140-148 
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Resistance {c(mt.)\ 
of electrical conductors, 14-18 
temperature coefficient of, 19-20 
Resistor-capacitor coupling, 298-800 
Resistors, rating of, 7-8 
Resistor-type heating, 317-324 
Resonance, 148-151 

Rotor construction of induction motor, 
221-222 

Screen-grid tube, 314 
Seam welding, 335-336 
Secondary circuit, 177 
Secondary emission, 314 
Selsyn, 372 
Series : 

amplifier stages in, 297-300 
and parallel branches, a-c circuits 
with, 144-148 
motors, 100-101 
resonant circuits, 149-151 
Series-parallel circuits, 11-13, 144-148 
Shunt generators and motors (see D-c 
generators and D-c motors) 

Sine waves: 

maximum and effective values of, 
115-117 

rate of change of current in, 121-122 
representation of by phasors, 118- 
119 

Single phase: 

a-c generators, 200-218 
circuits, 112-151 
induction motors, 219-247 
rectifiers, 281-282 

Six-anode mercury-arc rectifier, 283-284 

Skin effect, 327 

Slip frequency, 223 

Space charge, 273 

Specular reflection, 347-348 

Speed: 

control, d-c motors, 103-107 
control induction motors, 230-231 
measurement of, 366-368 
torque characteristics for: 
compound motors, 99-100 
induction motors, 233 
series motors, 100-101 
shunt motors, 97-99 
Spot welding, 332-335 
Spread reflection, 349 
Squirrel-cage induction motor, 221-230, 
231-240 

Stabilizing winding, 98-99 
Starting of : 
d-c motors, 101-103 


Starting of {coni.)\ 
induction motors, 235-242 ^ 

synchronous motors, 247 
Strain gages, 368-371 
Stress, measurement of, 368-371 
Superposition, method of, 25-26 
Symbols, 27 

Synchronous motors, 247-253 
Synchronous reactance, 215-217 

Tachometer, electric, 366-368 
Temperature: 

coefficient of resistance, 18-20 
measurement, 358-366 
Tetrode, 314 

Thermionic emission, 273-274 
Thermocouple : 

temperature measurement by, 362- 
366 

type of meter, 163-164 
voltages generated by, 363 
Three-phase : 
circuits, 152-160 
four-wire systems, 154-157 
generator connections, 205-206 
transformers, 196-199 
Thyratrons, 305-308 
control of d-c motors by, 310-312 
Torque-speed curves of induction mo- 
tors, 233 

Totally enclosed motors, 260-261 
Transconductance, 292 
Transformers, 176-199 
construction, 180-185 
core-type, 182-183 
efficiency, 189-191 
parallel-operation, 193 
rating, 191-193 
theory, 176-180 
voltage regulation, 185-188 
Translucent materials, 349 
Triodes: 

as amplifiers, 293-301 
as relays, 293 

characteristic curves of, 290-291 
equivalent circuit of, 296-297 
gas, 305-308 
ignitron-tube, 312-314 

Universal motors, 247 

Vacuum tubes, 271-316 
cathode-ray, 315-316 
characteristics of, 290-293 
multigrid high-vacuum, 314-316 
symbols for, 275 
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Variable-spe^ power loads, 264-267, 
270 

Var-meter, 170-171 

Volt, 3 

Voltage: 

a-c currents and, 114-151 
characteristics of d-c generators, 90- 
91 

dividers, 9 

generated by motion, 67-69 
generated by thermocouple, 363 
induced, in a coil, 64-65, 122-124 
industrial wiring systems, 363 
regulators, 92 
electronic, 301 
Volt-amperes, 133 
Voltmeters 
a-c, 161-164 
d-c, 48-50 

Ward-Leonard system, 106- 107 
Waterproof motor, 260 
Watt, 5-6 
Watthour, 6 

Wattmeter, 52-54, 164-170 


Waves, 112-122 

maximum and effective values of, 
115-117 

Welding, 332-336 
arc, 332 

projection, 333-335 
resistance, 332-336 
seam, 335-336 
spot, 332-335 

Wheatstone bridge, 56-58, 171-175 
Windings: 

a-c generator, 200-208 
armature, a-c, 77-85 
compensating, 90 
induction motor: 
squirrel cage, 221-222 
stator, 219-221 
stabilizing, 98-99 

starting, single phase induction motor, 
243-245 
Wiring: 

methods of industrial, 374-387 
Wound-rotor induction motors, 230 -231 

Yoke, 75 





